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Polymers having photosensl tl vc and/or photoresponsi ve 
groups have potential applications as photo-functional 
po lymers.l) Photo-functional polymers were first developed in 
the field of photolithography. In 1959, Minsk et at. 2> suggested 
the applicability of poly(vinyl cinnamatc) as a negative- type 
photoresist, which utilized polymer-crosslinking by the 
pho t odimerization of clnnamoyl groups. Since then, various 
types of photoresists based on the use of photocrosslinking, 
photodissociation and photopolymerization have been studied. On 
the other hand, Hoegel3) discovered the photoconductivity of 
poly(N-vinylcarbazole) {PVCz) in 1962. PVCz was put in practical 
use as an organic photoconductor. The mechanism of a carrier 
ge neration and a carrier transport has been investigated 
extensively.4) Recently, from the viewpoint of recording of 
in formation by light, photochromism5> and photochemical hole 
bUtrning6) have been studied, though they have not been in 
pr·actical use as yet. 
Photo - functional polymers utilize the chemical and 
physical characteristics of photosensitive groups (chromophores) 
attached to the polymer chain. The molecular design of 
adlvanced photo-functional polymers requires basic research on 
t he photoc hemistry and photophysics in polymer systems having 
c htromo phores. From this viewpoint, in rece nt years, polyme rs 
l 
having aromatic chromophores as pendant groups have been 
extensively studied. 7-Il) Aromatic compounds are typical 
photosensitive chromophores. Their excited states and 
deactivation processes hove been investigated in detai 1. 12) The 
photochemical and photophysical properties of polymers arc 
different from those of low molecular-weight compounds. This is 
due to a high local concentration of chromophores along the 
polymer chain. which is preserved even in dilute solution. Tn a 
polymer system, the interaction between neighboring 
chromophores (the neighboring chromophore interaction) is known 
to p 1 a y a n i m p o r tan t r o l e . In the excited states of 
ch romophorcs on a polymer chain, the neighboring ch romophore 
interaction induces a highly efficient intramolecular excimer 
formation and energy migration along the polymer chain.12-16) 
On the other hand, the photoinduced electron transfer is 
e1n important rc laxation process of the excited state. By the 
Photoinduced electron transfer, radical ions or excited donor-
ac c e P to r com p J ex e s (ex c i p l exes) a r e f o r m c d , w h i c h a r e 
in termed i ates of photochemi ca 1 reactions. Charge-trans fc r 
intermediates such as radical ions and exciplexes can interact 
with a ncu t raJ ch romophore to form dime r rad ica 1 ions and 
excited triple complexes (exterplexes). In polymer systems 
having pendant aroma lie ch romophores, the interaction of the 
c harge-transfer intermediates with the neighboring neutral 
chromophorcs is expected to be significant owing to the high 
local concentration of chromophorcs. However, the neighboring 
c hromophorc interaction in the charge- tr(ansfer 1· t med· t · n er . ta es 1n 
a polymer system has not yet been fully understood. The aim 
of' this thesis is to elucidate how radical ions and extcrplexcs 
in a polymer system arc stabilized by the neighboring 
c hro mophore intcraet.ion. ~lain experimental tools to be us<~d 
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arc laser photolysis and fluorescence techniques. 
1-1. A Shor t Su r vey on Interaction of Rad ica l Ca tions 
(A) For mation of In ter mol ecu la r Dimer Radical Cations 
The formation of intermolecular dimcr radical cations in 
aromatic hydroearbon systems has been studied by means of ESR, 
r -· ray irradiated rigid matrix method, and pulse radiolysis. 
Lewis ct al.17) and Howarth ct al.l8) measured the FSH spectra 
of the radical cations prepared by the oxidation of aromatic 
hydrocarbons such as naphthalene, anthracene and pyrcnc with 
SbCI- in dichloromethane. 
;) An analysis of the ESH hyperfinc 
structure suggested that the formed radical cation has a 
sa n d w i c h a n d s y m me t r i c a J d i me r s t r u c t u r e. w h e r e two 
ehromophores lie in parallel. Willigen ct al. 19) studied the 
dimer radical cation of coronenc by ESR and indicated the 
possible existence of a trimer radical cation. 
f\1any dimer radical cations of aromatic hydrocarbons give 
a c harge-resonance (CH) band in a near-infrared region. As will 
be described in detail in Appendix, the Cl< hand is one of the 
most important eharactcristics of the dimcr radical cation; this 
band is associated with the transition between two 0ncrgy levels 
of the highest. occupied mo lecu 1 ar orbi ta I (110~10) spJi t ted by 
charge r esonance.20) By slightly warming a r - ray irradiated 
rigid matrix. Badger ct al. 21.22) observed CR bands of dimer 
radical cat ions of aromatic hydrocarbons such as naphthalene, 
benzene derivatives, anthracene derivatives and pyrene in the 
ne:ar- infrared region. 
') ., } 
K i r a e t a l. ... '' s t u d i c d t. h e o p ti c a l p r o p c r t i c s of t h e 
radical cations of many aromatic hydrocarbons in r - ray 
irradiated glassy solutions at 77 K. A new band and a band 
shift caus(~d by warming the glassy matrices have heen reported. 
The absorption bands of th<' dlmcr radical cation and higher-
order aggregates such as trimer and tctramer radical cations 
have been assigned. The results indicate that the CR hand 
energy decreases with increasing molecular size, viz. in the 
order of naphthalene, phenanthrene, anthracene. 
benz[a]anthracene and chrysene. This was explained in terms of 
a repulsion between filled orbitals of chromophore.24) 
The stability of dimer radical cations is also an important. 
subject to study. The formation of intermolecular dimcr radical 
cations by aromatic hydrocarbons has been discussed on the 
has is of thermodynamIc cons ide ratIons. Badge r and 
Brocklehurst25) estimated the stabilization energies of the dimcr 
radical cations of benzene derivatives. naphthalene derivatives 
and pyrene by using "half of the CR band energy", and compared 
them with those of the excimer. By pulse radiolysis in 
benz on i tr i le, Ki ra ct al. 26> and Rodgers 27) measured. for some 
aromatic hydrocarbons, the cqui I ibrium constants between dimer 
and monomer radical cations. and estimated the free energy and 
enthalpy changes associated with the formation of a dimer 
radical cation. The result shows that the interaction of the 
dimcr radical cation is comparable to or larger than that of 
the excimcr. 
(U) Str ucture o f DJmer Radica l Catfons 
It is generally difficult to determine the structure of the 
dimer radical cation. ESH data as d0.scribed previously merely 
indieaLe a possibility of a symmetrical arrangement.l7. 18) The 
stability or the degree of interaction of the dimer radieal 
cation would depend on the extent of overlapping of two 
4 
chromophores. Badger and Drocklehurst24) searched for a stable 
.. 
conformation of the naphthalene dimer radical cation by 11\rkel 
mo lccular orbital (MO) calculations. Thci r resu 1 ts suggest that, 
in the case of the intermolecular naphthalene dimer radical 
cation. the most stable arrangement. is not a perfect sandwich 
conformation but the conformation in which the molecular axes 
of naphthalenes have some angle each other. In order to 
ohtain experimental information on the structure of dimer 
radical cations, bichromophoric model compounds which have two 
ch romophores linked by a methylene chain were used in Lhe same 
way as in the studies of excimers. 28- 36) In these compounds. the 
relative conformation of t.he chromophorcs is restricted by the 
methylene-chain bridge. Thus, different degrees of overlapping 
of chromophorcs can be modeled according to the substitution 
posilion of the chromophore or the configuration of the hridge. 
Jrie et a1. 37> measured the absorption spectra of the 
radical cations of 1,3-, 1,6-. and 1.12-di(2-naphthyl)alkanes in the 
glassy matrix at 71 K and in solution at room temperature. They 
made the assignment of the absorption bands and suggested a 
possible existence of fully-overlapped and partially-overlapped 
dimer radical cations of 1.3-di(2-naphthyl)propane. Uy laser 
photolysis, ~1asuhara ct al. 38) measured the transient absorption 
spectra in the visible region for meso- and rac-2,4-di(~­
cn rhazoly I) pen tanes (m- and r-OCzPe) in the presence of an 
electron acceptor, 1,2-dicyanobcnzene. They assigned the 
absorption bands for meso and racemic isomers to a fully-
overlapped and a partially-overlapped dimer radical cation. 
respectively. 
(C) Stahi I ity of l~adical Cation i n Polymer Systems 
In polymers with pendant aromatic chromophorcs. radical 
5 
cations of dimer or higher-ordered aggregates would be easily 
formed because of the high local concentration of chromophorcs. 
!ric et al.37) studied the transient absorption spectra of the 
radical cation formed in polystyrene and poly(2-
vinylnaphthalene) in a r -ray irradiated glassy matrix at 71 K. 
These radical c ations showed CR bands in the near - lnfrared 
region C"Vcn wi thout warming the matrix. The CR bands were 
observed to shift to shorter wavelengths after annealing. As 
for the radical cation formed in PVCz, 39 •40 ) a transient 
absorption band was observed around 750 nm by laser photolysis. 
This band was very broad as compared with that of the monomer 
radical cation, very likely due to the neighboring chromophorc 
interaction. Washio et at.41 ) studied the scavenging reaction of 
the radical cation formed in PVCz by pulse radiolysis and 
demonstrated the stabilization of the radical cation by the 
neighboring chromophore Interaction. However. no systematic, 
detailed Investigation on polymer systems has been carried out 
yet. 
1-2. A Short Survey on Interaction of Radical Anions 
Sprague et al.42) detected, by ESR, the dimer radical anion 
of acetonitrile In an upper crystal I inc phase, produced by 7-
ray irradiation at 77 K. Arai ct a1.43) observed absorption 
bands, aseribablc to dimer radical anions, in the near- infrared 
region by 7-ray irradiation of tetramcthylfuran solutions which 
contain various cJectron-accepting olefins. In contrast to the 
dimer radical cations, there is little information about the 
dimcr radical anions of aromatic hydrocarbons except f'or a few 
pieces of information obtained under special conditions; Shida ct 
al. 44 ) dc'tccted the anthracene dimer radiC'al anion in the 7 -ray 
6 
i rradiat.<'d rigid matrix of dianthraeenf' at 77 K. Th0 formation 
mechanism of 1hc dimcr nldieal anion \\as eonsidcred to h0 as 
follows; ionization of dianthraccnC' by 7-ray i rracliation causes 
its decomposition to a pair of' anth racC'nC' and anthraC'enC' an ion. 
Then, they interact with each other to form a dimer radical 
ann on. A cloublcl CR band ascribable to the anthrac0nc dimc>r 
radical nnion was obse rved in thE' ncar- infrared region. The 
po s s i b i I i t y o f the stab i I i z at i on of r ad i c a I anions by the 
interaction with neutral chromophores and of the formation of 
climcr radical anions arc still under controversy. 
1 - :~. A Short Survey of Excited Triple Complex 
The photoinduced electron transfer in a non-polar solvent 
IC'ads to the formaLion of an excited complex (exciplcx). hccause 
in a non-polar solvent, the stabilization of free ions by 
solvation cannot. be attained. The exciplex plays an important 
ro Ie as an intermediate in many photochemical reactions, anct its 
ph o to chemic a l and photo ph y s i c a 1 proper t I e s have been 
investigated extensively. Since the exeiplex is formed by a 
partial electron-transfer from an electron donor {I)) to an 
eJ cct.ron acceptor (A), it is a charge-transfer intermediate of 
ionic eharacter and is mainly stabilized by a charge-transfer 
in tC" ract ion. Like dimer radical ions, this charge-transfer 
itltC'rmediate is expected to interact with a nC"utral el('(·tron 
donor or aeceptor. forming an exterp!C"x stabilized by eharge-
de.local i zat ion. 45) 
In 19G8, Beens and Wcller, 46 ) reported that, for a 
naphthalene - 1.4-di<'yanobenzene {p-DC:\U) systC"m, the C"Xciplex 
emission dccrC"nses. nceomp:mying a new emission in a longer 
Y.avelcngth region, when the naphthal<'nc co ncen tration is 
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increased. They ascribed this new emission to a DIM type 
exterpl('X with an asymmetrical polar structur(', which consistNl 
of two naphthalenes and p-DCNI3. Since then. there have be<'Tl 
many studies on the DDA type cxterplexes. 47- 54 > Vlasuhara et 
al.,53) \.\-ho investigated the fluorescent properties of m- and r-
DCzPc in the presence of 1,3-dicyanobenzene. reported that 
these diastereomers form a different DDA type extcrplex: r-
OC z P e r o r m s a ex t e r p 1 ex i n w h i c h two c a r b a z o 1 y 1 ( C z ) 
ch romophorcs over lap partially (partially-over lapped exterp I ex), 
while m-DCzPe forms one in which two Cz chromophorcs overlap 
completely with each other (ful Ly-overlappcd extcrplcx). 
Polymers having pendant aromatic chromophores ar(' 
expected to show efficient exterplex formation or a high 
tendency of aggregation due to the high local chromophorc 
concentration along the chain. Hoyle and Gui llet52) invcstigat cd 
a P\'Cz - dimethyl terephthalate system and a poly ( l-
vinylnaphthalene) (PlV\)- p-DC~B system by u time-resolved 
fluorescence spectroscopy; the PVCz and PI\':'\ systems show(•d a 
broad emission around 520 nm and around 480 nm. These emissions 
were assigned to DJ)A type cxtcrp lcxes. Thus. the neighboring 
chromophorc interaction contributes to th<' stabilization of the 
charge- transfer state in polymer systems and hence plays an 
important role in polymer photochemistry and photophysics. 
On the contrary, there a r c only a few reports on Di\A 
type ext e r p J c xes in which a neg at i v c char g c is de I o e a I i z c> d 
between two electron acceptors.54 •56.) The situation is similar 
to that of dimcr radical anions. This has been considered to 
be d u e t o t h c s m a l 1 s t a b i 1 i z a t i o n c n e r g y g a I n e d by 
delocalization of a negative charge. However, the reason has 
not bccn fully understood. Hirata et aJ. 55 > reported. for a 
benzonitrile - amine system. the formation of a new type of' 
8 
hi;gher - ordcr aggregate in the excited state at a high 
benzonitrile concentration, and suggested the possibility of the 
formation of a DAA ext.erplex with two benzonitrile mol('cul es. 
1-4. Outline of This Thesis 
The aim of this thesis is to investigate the stability of 
radical ions and extcrplexes in polymer systems having pendant 
chromo ph ores and to e lucid ate the degree of charge 
de localization by the neighboring chromophore interaction. The 
degree of charge delocalization should depend on the relative 
arrangement of the chromophores or the degree of overlapping 
or the chromophores. In this regard, the hichromopl10rie model 
compounds in which two chromophores are J inked by a methylene 
ehain arc usefuL models. ln this thesis, the relationship 
bet\\>een the dimer structure and the stability of radical ions 
and exterplexcs is studi('d by using such hichromophoric model 
compounds. On the basis of the resu 1 t to be obtai ned. the 
charge dclocalization by the neighboring chromophore 
interaction in polymer systems is discussed. 13y usc of 
carbazoLyl and naphthyl chromophores as electron- donating 
groups. and tcrcphthalatc chromophore as an electron- accepting 
group, the neighboring chromophore interactions of the charge-
transfer intermediates formed in PVCz. poly(vinylnaphthalene) 
(PVN). and poly(vlnyl methyl tcrcphthaJate) (Pv.viTP) arc studied. 
This thesis consists of two parts: Part I (Chapter 2 - 5) 
describes the stability of carbazole radical cation In polymer 
and dimcric modeL compound systems, and Part 11 (ChapLcr 6 - B) 
deals wi Lh radical ions of various chromophores. 
In Chapter 2, the stability of the carbazole dimcr radical 
cations is studied for the diastereoisomers, m- und r-DCzPe as 
9 
CH -CH-CH -CH-CH 3 I 2 I 3 
CQt:@ CQt:@ 
PVCz DCzPe 
Figure 1-1. Molecular structures of PVCz nnd DCzPc 
model systems of PVCz (Figure 1-1). The CR band is measured by 
laser photolysis and the stabilization energy is estimated by 
the radical cation transfer method. The stability of the dim<'r 
radical cation is discussed In connection with the dlmer 
structure, viz, the degree of overlapping of carbazole 
chromophores. Figure 1-2 shows the conformations of m- and r-
DCzPc. They can take a fu lly-ovc r lapped and a partially-








,"" ... _.., 
m-DCzPe r-DCzPe 
Flgure 1 - 2. Fully-overJappcd conformation of m- DCzPe und 
purtially overlapped conformation of r-DCzPe. 
In Chapter 3, the CR band and the estimation of the 
stabilir.ation energy ror the carbazole radical cation formed in 
I'VCz arc described. The sLability of the radical cation and the 
10 
degree of cha rge delocalization arc discussed in comparison with 
those of the dimeric model compounds and the copolymers of ~­
vinyl carbazole. 
In Chapter 4, the fluorescence properties of Lhc DDA 
exterplex of P\'Cz and its dimerie model compounds (FigurC' 1-l) 
w i tltJ d i me thy I t e rep h t h a I a t e a r c c x am i n c d . T h e r o r m a ti on 
dynamics and the structur<' of the exterplexes arc clescribc<l. 
In Chapter 5, steric effects on the formation of dimer 
radical cations and extcrplex<'s arc investigaLed by using 
poly(3,G-di-tert-butyl-?!-vinylcarbazole) and its dim<'ric mod<'l 
compounds (Figure l-3). The transient absorption spectra or 
radical cations are measured in a polar solvcnt and the 
fluorcscenec properties of cxterplexcs arC' mcasur<'d in a non-
-f-CH-CH2t-l 
(CH3J 3C~C(CH3)3 QANM 
I 
CH3 -CH -CH2 -CH -CH3 I 
~ (CH3)3C C(CH3b ~ (CH 3bC C{CH3l3 
PBVCz BC:zPe 
BCzPr 
Figure 1-3. 'lol~cular structures of PB\'Cz and its dimcric model 
compounds. 
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po 1 a r so I v c n t . T h c s t e r i c c f f e c t s o n t h e m a g n i t u d c o f' 
interaction in these charge-transfer states arc compared with 
those in the exeimer state. 
Jn Chapter 6, the structure and the stability of 
naphthalene dimcr radical cations are studied for PV\ and their 
dimeric mode I compounds (Figure 1-4). The rc lat ionship between 
the degree of overlapping of naphthyl chromophor€'s and the 
stahi l i ty of dimcr radical cations is d iscusscd in comparison 
wi t.h the carbazo lc systems. As shown in Figure 1- 5, each 
dimeric mod0l compound can take two types of overlapping or 





















figure 1-5. Ovrrlnpped conformations of dinaphthyJpropanes. 
partially-overlapped conformation, while l2D~P takes two types 
of partial Ly-ovcr lapped conformations. 
In Chapter 7, theoretical considerations on the formaUon 
of carbazole and naphthalene dimer radical cations arc giv0n by 
"'10 calculations. First, by the Austin Model 1 (A;\Il) ~10 method, 
stable conformations of the fully-overlapped and partially-
overlapped dim<"'r radical cations arc dN.crminc:>d. \ext, the CH 
band energy of the dimcr radical cations in th~ stable 
conformation is calculated by Ci\"DO/S and C'omparcd with 
13 
experimental results. Finally, the int<'raction energy is 
analyzed by Ab In itio calcu lati ons, and the difference between 
carbazole and naphthalene dimer radical cations is discussed. 
ln Chapter 8, the stabilization of the terephthalat.e 
radical anion in PVMTP (Figure 1-6) is demonst r ated by the 
radical anion transfer method. ln addition, the quenching of 
car b a z o 1 e - t ere ph t h a 1 ate ex c i p 1 ex by t h c n e i g h h or i n g 
terephthalate chromophore in PVi\'lTP is studied. The 
characteristics of the stabilization of a negative charge hy the 
nC"ighboring chromophore interaction is discussed in comparison 
with the case of a positive charge. 
1CH - CH2t I 
0 
C /()'--C-0-CH 
•• ~ •• 3 
0 0 
PVMTP 
Figure 1-6. Molecular structure of PVMTP. 
In Appendix, two methods for estimating the stability or 
radical cations are described; one is based on the relationship 
bet w c en the C R band c n e r g y and the s t a h i I i t y o f r ad ic: a 1 
cations, and the other is the radical calion transfer method t.o 
c..,aluatc the stabilizaUon energy. Fur thermorc, a I asc r 
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PART I 
STABILITY OF CARBAZOLE RADICAL CATION 
IN POLYMER AND BICHROMOPHORIC MODEL COMPOUNDS 
CHAPTER 2 
STABILIZATION ENERGY OF CAHBAZOLE JHMER HADI CAJ. CATIONS 
2-1. Introduction 
The radical cations of some aromatie chromophorcs form 
dimer radical cations intramolecularly1- 3) or intermolccularly4 
12) by ncighho1·ing chromophore interaction. The characteristic 
of Lhe climcr radieal cation depends on t.hc overlapping of 
<'hromophorcs.9•13) The structures of dimC'r radical cations haYc 
b<'cn studied fur several blchromophoric compounds whose 
preferable con format ions have brcn proposed.l-3) 
l!l('So- and rac-2,4-Di(~-carbazolyl)pentanC:' (m- and r-DCzPc) 
ar<' used as dimcric modC'l compounds of ~Hl isotactic and .:.1 
syndiotactic dyads of poly(~-vinylcarbazole) (P\"Cz ), rC'spectiYel). 
m- DC z P <' e a n t a k e a s an d w i c h c o n f o r m a L i o n i n w h i e h t w o 
carbazole chromophorcs overlap completely, whcr<'as r-DCzPe 
hardly lakes such a snndwic·h conformation b<'<'nusc of Lhc st0riP 
hindrance• of methyl groups. In fact, m-DCzJ>c forms a sandwich 
f'xeimer with a fully-oYcrlapp<'d conformation, and r-DCt.Pc forms 
a S0C'on<l cxcimcr with a partially-overlapped conformnt.ion. 14- 17> 
DCzl'r also forms the smn<' sand~icll cxc-imC'r as m-DCzP". 18•1 D) In 
the ease of the radical cations, the dwngc of transi0nt 
nbsorpt ion spC'Ct ra corresponding to th<' C'X<'imcr conformation 
\\ a s o b s C' r v c d . :J ) DC z P r a n d m - DC z P C' f o r m a d i m C' r r a d i c <1 I 
calion 181 with a fully-ov0rlappcd conformation (fully-overlapped 
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dimc•r radical cation), and their absorption bands appear around 
760 nm for DCzPr and 770 nm for m-DCzPe. r-DCzPe forms a 
dimer radical cation with a partially-overlapped conformation 
(partially-overlapped dimcr radical eation) and has a broad 
absorption band around 710 nm. 
In this ehaptc r, the stability of the radical cations for 
the dimcric model compounds was estimated by a charge-resonance 
(CI~) band measurement and by the radical cation transfer 
method. The stabi I ization energy was discussed in conn0ction 
with the conformations of two carbazole chromophores. i.e .. the 
ov0rlapping between two carbazole chromophorcs. 
2-2. Experimental Section 
2-2-1. Chemicals 
(A) Electron Donors (D1) 
~-Ethylcarbazole (EtCz) was synthesized by ;!-alkylation of 
carbazole and was purified by silica-gel column chromatography 
and recrystallization. DCzPr was prepared from 1.3-
dibromopropane (Wako Pure Chern. Ind.) and sodium carbazole,20) 
and was purified by recrystallization from a mixture of 
dicit Ioromethane and hexan0. The diastercoisomcrs, r- nnd rn-
DCzJ>e, were synthesized from 2,4-di(tosyloxy)pentane, 16) which was 
prepared from 2,4-pentanediol (Tokyo Kasei Kogyo Co.).2 l) These 
diast0reoisomcrs of nczP0 were separated by si I ica-gel co I umn 
c:hromaLography and by liquid chromatography (.Japan 
Spectroscopic Co.) with the eluent of a mixture of hexane and 
cthy I acetate (7: 1) and were puri ficd by rccrystal 1 ization from 
ethanol. 
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(B) J<:lcclrou Acceptors (A) 
Dim0thyl terephlhalale {OMTP, Wako Pure Chern. Ind.), 1,2-
dicyanobcnzcne (o-DCNB, Tokyo Kasei Kogyo Co.) and 1,4-
Dicyanoben zene (p-DC·m. Wako Pu rc Chern. Ind.) we rc purified 
sevcraJ times by recrystallization. 
(C) Radical Cation Acceptors (D2) 
Similar amine compounds were used as a radical calion 
acceptor. 4-Dimethylaminoslyrenc (0\1ASL) was prepared from 4-
dimc•Lhylaminobcnzaldehyde (Nakarai Chem.)22) and was purified by 
disti I lation under a reduced pressure. ~.~-Dimethyl- 1.4-toluidine 
(D\l'J', Wako Pure Chern. Ind.) and ~.~-dimethyl ani l inc {D'tA, Wako 
Purr~ Chern. Ind.) were purified by distillation under a reduced 
pressure. ~.~.~· .~'-Tetramethyl-1,4-pheny Jcncdiami ne (TMPD, Tokyo 
Kas<:-i Kogyo Co.), diphenylamine {DPA, Tokyo Kas0i Kogyo Co.), 
trlphenylamine (TPA, Tokyo Kasei Kogyo Co.), and 1,2-
dimcthylindole (DMI, Aldrich Chern. Co.) were purified by 
rec1rystallization. 
(D) Solvents 
Ace toni tri le (:'-1eCN, Wako Pure Chern. Ind.) was rcnuxed over 
P205 several times and was fractionally disti lied. Spectroscopic 
grade> of ~.:!-dimcthylformamide (DMF. DoLiLe Spcctrosol) was used 
without further purification. 
2-2··2. Measurements 
(A) Trans lent Absorption Spectra 
The transient absorption spectra or radical ions were 
measured by Lhe cxcimcr laser photolysis system. The carbazole 
eh romopho rc was excited by a 308 nm-lase r pulse of a XeCJ 
ex c: I me r l as c r ( La m b d a P h y s i k E l'-1 G 1 0 1 ) . As a d e t c c to r • a 
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photomultipli~r and an InAs photodiodP were used for the 
measurements in the visible region (350 850 nm) and in the 
ncar- infrared region (600 to 2200 nm). respectively. For the 
conccn t ration of carbazole ch romopho res, the absorbance at 
308 nm was adjusted to about 1.8. p-DCi"iB (8.0xi0-2 M) was used as 
an ciPctron acceptor. The samples were degassed by the freeze-
pump-thaw method in a 1-em quartz cell. The measurements were 
made in D~F at 298 K. 
(0) Radical Cation Transfer 
The radical cation transfer was measured by the ruhy 
las<>r photolysis system. As a detector, the photomultiplier 
tube (Hamamalsu, R928) having the faster response time (ca. 5 ns) 
was used. The measurements were made in degassed '1eCN at 298 K. 
The sets of D1-D2-A systems measured in this study are listed in 
Table 2-1 and 2-If. D1, 02 and A denote an electron donor, a 
radical cation acceptor and an electron acceptor. rcspectiv<'ly. 
Th e de t a i I o f t h e r ad i c a l cat i on t ran sf e r me tho d w i I I b c 
described in Appendix. l1s for the concentration of <'lectron 
donors (D 1). the absorbance at :347 nm 'W:lS adjusted to about 
unity. The concentration conditions of o2 and A were shown in 
Table 2-1 and Tahle 2-11. The rate constants of th<' 
rC'combination (krl' kr2) and the molar extinction coefficients of 
lnc!ividual ion radicals were determined by the laser photolysis 
for two-component systems (1) 1-A and D 2-A systems). The 
transient absorption spectra of radical cations. T!'<lPO~. ()'<lASt~. 
D'<1T~. DZI'1A~. DPA~ and TPA~. have the absorption peaks at G20, 
640, 470, G80, 670 and 670 nm, respectively. The transient 
absorption spectrum of D.'1r: could not be detected by the 
present nanosecond laser photolysis. This may be due to the 
small molar extinction coefficient of D~1I~. llowever. DMI under 
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Tnhlc 2- I. Rate constants and free PnPr~)' change of 
r<Hl i ca I cation t.rnnsrr.r in EtCz-D2-A sysiPms. 
t-io. lD2 ]/l0-4M [A]/10- 2M 
9 -1 -] ktr/10 M s ~c0 ;ev 
T"'lPD 2.5 o-DOB 2.0 13. 1 -1.04 
2 D'lASt 2.8 D'1TP 1.0 11 . 0 -0.54 
3 D'IT 3.6 o-DC\A 1.9 8.9 -0. 46 
4 ll'lA 4.0 o-OC\B 1.9 9.7 -0.41 
;') DP/\ 2.0 O"'TP 2.0 7.8 -0.23 
6 TPA 2.5 D~ITP 2.0 7.R -0. 19 
7 D~ll 4.0 DMTP 2.0 6.6 -0. 12 
Tnhle 2-fl. Rate constants of radical cation transfer 
in D1-D'l:\St-D'1TP systems. 
So. I Dl I [D21/10-4M [A)/10-2:-1 
9 - t -1 ktr / 10 :vi s 
at l HC1. D~ASt 2.8 D:.lTP 1.0 11.0 
!) r-DCzPc D'lASt 2.8 ll'lTP 1.0 9.8 
10 m-DCzPc D'HSL 2.8 IPITP 1.0 8.2 
11 DCzPr D'11\S t 3.3 D'ITP 2.0 6.8 
---
] ) This systPm i 5 the same as sys tern t\o. 2 in Tab!(' 2- I. 
r-ray irradiation in thC' rigid matrix of sec-butyl chloride at 
77 1\ gaV<' an absorption band around 540- GOO nm. which was 
aseJ-ibecl to D\11~. The absorption peaks of D'<lTP~ and o- DC:\B~ 
app.;!ar nt 5:so nm and 375 nm. rcspeetivcly. The absorption 
spe-ctra of' these radical cations and radical anions werC' 
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confirmed by r-ray irradiation in rigid matrices of sec-butyl 
chloride and of 2-mcthyltetrahydrofuran at 77 K, respectively.z:n 
(C) Ox idation Potentials 
The oxidation potentials of EtCz and the radical cation 
acceptors were measured by cyclic voltammetry. The refcrenee 
electrode. Ag/0.01 ~ Ag+ in J'oleCN. was employed. The potentials 
were converted to the ones vs. SCF. (E 112>: E112 = 1.18 V for 
EtCz, l.OG V for DMI. 0.99 V for TPA, 0.95 V for DPJ\, 0.77 V for 
Dl\'11\. 0.72 V for DMT, 0.64 V for DMASt, and 0.14 V for TMPD. 
2-3. Hesul ts 
2-3-1. Transient Absorption Spectra 
Figure 2-1 shows the transient absorption spectrum of the 
EtCz. - p-DC'iB system in DMF at 1.5 /.LS after excitation in the 
visible and near-infrared region. Transient absorption bands at 
ca. 430 nm and 790 nm were assigned to a radical anion of p-DC'iA 
(p-DCNB:) and a radical cation of EtCz (EtCz~. respectiYely.24) 
~o Absorption was observed in the near-infrared region (1000 -
:woo nm). At this concentration of EtCz (1.4xl0 - 3 t1). <tn 
intermolecular climcr radical cation do<'s not exist. 
As for the d imcric model compounds. the absorpt.i on band 
of carbazole radical cation (Cz~ in the visible region (visible 
ciimC'r bane!) is broader than that of the monomer radieal cation. 
Ftcz; and a new CH band appears in the near-infrared region 
whc>rc Etcz; has no absorption. Figure 2-2 shows the transient 
absorption spectrum of the m-DCzPe - p-DC:\H system in D;V!l· at 
1.5 11 s aft0r excitation. The absorption bands of cz; appear at. 
ca. 780 nm:.l) and at ca. 1600 nm. The former band is shi rted to a 
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.Figure 2-1. Transient absorption spectrum of ELCz - p-DCNB 
in O~lF at 1.5 f.LS after excitation: (EtCz)=l.4xl0-3M. 
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Figure 2-2. Trnnsicnt absorption spectrum of m-DCzPc -
r.>-DCNB in mlF ot 1.5 /.LS after excitation: [m- DCzPcl=6.7xJ0-4M. 
[p-DC:\B] =8.0xl0- 2M. 
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in shape to that of EtCz;. The latter band was ascribed to 
the CH band. Figure 2-3 shows the transient absorption 
spcetrum of the DCzPr - p-DCNJJ system in D'1F at 1.5 us after 
excitation. The spectrum of the dimer radical cation is thP 
same as that for m-DCzPe. A visible dimer band and a CR band 
appear at ca. 770 nm and at 1600 nm. respectively. Figure 2-4 
shows the transient absorption spectrum of the r - OCzPe - p-DCNJJ 
system at 1.5 11 s after excitation: an absorption band of Cz~ 
around 710 nm3) was very broad and a CR band was observed at 
ca. 1800 nm. Hise times of the CR bands for all samples arc 
within a lime resolution of the apparatus (<500 ns) and a mudl 
higher resolution is necessary to investigate the formation 
process of dimer radical cations. 
2-3-2. l~elationship between ktr and ~G 
At first a standard relationship between the transfer rate 
eonstant (ktr> and the free energy change (6G0) of the radical 
cation transfer for low molccular-wE"ight compounds was measured 
as a reference. The rate constant ktr from FlCz; to 02 was 
measured by laser photolysis. Figure 2-5 shows the osci llograms 
of the trnnsient absorption decay for the EtCz (0 1) systems at 
780 nm (the peak wave Length of the ahso rpt ion band of EtCz ~). 
The oscillogram (a) shows the decay of EtCz~ for the EtCz-D'rrP 
system at 780 nm: the absorption scarcely decays by the 
recombination of EtC'z~ (D 1 :) with D'ITP~ (A~) in this time 
region. The oscillogram (b) shows the decay of EtCz~ for th0 
F.t C z- D i-'1 AS t - D MT P system (No.2 in Tab I e 2- I ) at the sam C' 
wavelength: the decay is accelerated. The rate constant ktr 
rrom EcCz~ to D'1ASt. was determined to be 11.0 x 109 ~-ts- 1 by 
eq. 7 in ,\ppendix, since the rate of the radieal cation transf0r 
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Figure 2-3. TransiC'nt absorpcion spectrum or DCzPr - p - DCI'\IJ 
in D'IF at 1.5 J.iS after excitation: rnczPr}=7.2x10 - .t~. 
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Figure 2-4. Transient absorption spectrum of r-DC7PC' -
p-DC\13 in O'IF at 1.5 J.iS after excitation: rr -DCzPe]=G.9xl0-4~1. 
[p DC:\BI=B.Oxl0 - 2 ~1. 
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Figure 2-5. Oscillograms of transient absorption decay of 
EtCz~ at its peak wavelength (780 nm) in radic:al cation 
transfer systems in ~eCN. (a): EtCz-D~tTP, (b): EtCz-DMASl· 
D'1TP. For lhe concentration, sec Table 2-1. 
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recombination of EtCz~ with DMTP~. The rate constant ktr for 
other systems was also determined in the same way. Table 2- 1 
shows the results. These ktr's were confirmed by simulating the 
rise of 0 2 ~ except the EtCz-DMI-DMTP system in which no 
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Figure 2-6. Relation bclween ktr and b.G0 in the radical 
cation transfer process from EtCz~ to D2. 
(a): EtCz~ --> TMPD (system No. l). (b): EtCz~ --> OM.I\Sl 
(system !'o. 2), (c): EtCz~ --> D~lT (system No. 3), (d): EtCz~ --> 
D:'tlA (system No. 4), (e): EtCz~ --> DPA (system No. 5), (f): 
EtCz~ --> TPA (system No. 6), (g): EtCz~ --> Dm (system No. 7). 
In the case of the dimeric model compounds, b.G0 or the 
radical cation transfer to DMASt was evaluated from ktr as 
shown by the clotted I incs (see text). 
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The free e n e rgy change (6G0 ) of the radi cal cat ion 
transfer from ol: to 02 is obtained by the differ<'nce between 
the ox idati on potentials of 0 1 and of 02. 
( 2-1 ) 
wh e r e 
potential s of o2 and o1• respectively. 
Figure 2-G shows the relationship between ktr and t~.G0 . In 
the r egi on. t~.G0 < - 0.9 eV, the r ate constant ktr Is diffusion-
controlled and In the region, 6G0 > - 0.{1 eV, ktr decreases with 
increasing t~.G0. Experimental values give a smooth c urve which 
is expected for the electron-transfer reaction, though point c 
sl ightJy deviates from the curve. On the basis of this standard 
relationship, t~.G0 for the stabilized systems Is esti ma ted by 
measuring t he t ransfer ra te constant ktr· 
2-3-3. Radical Cation Transfer 
The r adical caLion transfer rate from the radical cation 
of various compounds having carbazole ch r omophorcs to D~ASt 
was measured by the laser photolysis method. Th e rate 
constants ktr's arc listed in the last column of Table 2-Jl. Tn 
this study only the single radical cation acceptor 0\1/\St was 
used f or each sys tem since this makes the evaluation o f the 
stabi llzation muc h easier. The rate constant ktr dec:reascs in 
the following order, U.B x 109 M-ls-1 for r-DCzPe, 8.2 x 109 
~-.rls- 1 for m- DCzPe and 6.8 x 109 M-ls-1 for DCzPr, whereas ktr 
from Etcz; to O:'>lASt is 11.0 x 109 M-ls-1. 
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2-4. Discussion 
2-4-1. Stabi 1 izatlon of Dimcr Radical Cation 
DCzPr nnd m DCzPc a r c known to form the ful ly-O\'<'rlappcd 
dimPr radical cations, wh ile r- DCzPc forms the partially -
overlapped dimer radical cation. rn these dim0ric mod<'l 
compounds , the peak wavelengths of the CH band arc in th0 
following order: 1800 nm for r-OCzPe and I GOO nm for m-DCzPc and 
DCzPr. As will be deseribed in Appendix. the CH band rcfl<'<:Ls 
directly the d0gree ·of c hromophore interaction , and th<' 
stronger the interaction, the shorter the peak wavelength of 
the CH band. The shl ft of the CR band suggests that the fully-
ovcrlapped dimer radical calio n for m-DCzPe and DCzPr has 
stronger interaction than the partially-overlapped dimer radleal 
cation for r-DCzP<'. This was confirmed by the radical cation 
transfer method. As shown in Table 2-11, the rate constants 
+ { D -1 -1) + ktr's dccr0as<' in the order, EtCz. 11.0 x 10 M s , r - DCzPe. 
(~.8 x 10D 'r 1s 1). m-OCzPe; (8.2 x 109 M-ls- 1) and DCzrr: (G.8 x 
lO 9 "1- 1 s- 1 ) . T h i s m can s that the par t i a ll y-o v e r I a p p <' d d i me r 
radfeal cation causes the radical cation transfer to [)\f ·\St. more 
eas'ily than the fu l Jy - overlapped one. This is due to the 
stabi I ization of Cz~ by the neighboring chromophore interaction. 
Th c r e f o r c • 1 h c o r d e r r o r k t r • s i n d i c a t c s t h a t t h c f u 1 l y-
ov0rlapped dim0r radical cation is stabler than t.he partially-
overlapped d!mcr rudi<'al eation. 
2-4-2. Thermodynamic: Conside ration of Stabi I ization Energy 
In the ground state, dimeric model compounds hnve such 
conformations that th0 stPric hindrance is minimizC'd: m- DCzJ>e 
and r-DCzPe h<l\<' mninly TG and rr conformation, rcsp<'ctiv<'ly, 14> 
an cl DC z P r h as t h c co n f o r mat i on s u c h as two c a r b a 1 o 1 c> 
chromophorcs arc farth('St apart. 
called "op0n form" hereafter. 
These <:on formations wi II he 
When a radical cation of 
carbazole chromophore is photochemically produced. it is 
stabi l izcd by the interaction with the neighboring chromophorc 
to f o r m t ll e d i me r r ad i c a 1 cat i on, i n w h i c h L w o car b a z o I e 
chromophores overlap with each other. Such a conformation of 
th<' dimer radical cation will be called "closed form". For 
DCzPr and m-DCzPe, it corresponds to the completely overlapping 
conformation. For r-DCzPe, it corresponds to the parrially 
overlapping conformation in which two carbazole chromophores 
approach a little more closely each other than those in TT 
conformat.!on of the ground state. Figure 2-7 shows a schcm£~ Lo 
consider the stabilization of dimer radical cations as dcscrib0d 
uD __ ]~Q~o-- ----
(a l 
Figure 2- 7. Scheme of formation of dimcr radical cation. 
(a): ground state of open form. (b): localized radical cation 
o r OJH'n form. (c): localized radical cation of c:loscd form. 
(d): dimC'r raclieal cation, (c): ground state of closed form. 
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above. State (a) Is in a ground state with an op<'n form. State 
(b) is a localized radical cation wlth an open form: a radical 
cation which is free from the neighboring interaction wi I I he 
called ''localized radical cation" and distinguished from the 
dimcr radical calion. State (d) is a dim0r radical cation, ~hich 
can be observed by the nanosecond laser photolysis. State (c) 
is u ground state dimer (a closed form) formed immediately after 
the radical cation transfer from (d) to 02. A localized radical 
cation with a closed form (c) is assumed as a transit i on state in 
thc course of formation of (d) from (b). ln Lhis manner. it is 
supposed that first. the conformation changes, and then, a dimer 
radieal cation is formed by the neighboring interaction. The 
arrows in Figure 2-7 show the free energy change (tlG0) between 
individual states. LlGe 0 is a free energy change when the state 
(b) goes to the state (c) by the conformational change and is 
considered to be mainly caused by an entropy term. LlG 0 y 
corresponds to an enthalpy term of the charge dclocalization 
si nee th<' con formation is held. Therefore, Ll G/1 is a free 
energy change wh<'n a dimcric mod0l compound forms stnte (d) 
from state (b), and its entropy term and enthalpy t.erm arc 
<:onsidercd to correspond to LlGe 0 and LlGy 0, respectively. 
The radical c·ation transfer from the dimer radical cation 
(d) to D2 is considcr<'d to be much faster than the 
<:onrormational change from the closed form (c) to the opcn form 
(a). Then the rate constants of the radical cation transfer arc 
considered to depend on LlGd 0 and not to depend on LlGr0 
ThC"rcfore, the st.abi lizaLion energy of th<' dimC'r radical C'ation 
corresponds to the diffcrC'nce between !lG0 ° and !lGdo. Wlwn the 
oxidation potentials of th0 open form (cq. 2-2) and the eloscd 
form (eq. 2- 3) arc measured, !lG0 ° and .JGdO can be calculated 





e E112 (open) (2-2) 
e- E1; 2 (closed) (2-3) 
The oxidaT.ion potential of the open fo r m is taken to be equal 
to that of EtC z s inc e the neighboring 1 n t era c ti on can be 
neglected. Then, the stabil i zat i on ene r gy (nE) can be estimated 
by the diffe r ence between l he o x idation potential of EtCz and 
that of the Glosed fo rm (eq. 2- 4 ). 
= 
= 
E1; 2(open) - E112 (closed) 
E1; 2 (EtCz/EtCz!) - E1; 2 (closed) (2-4) 
On the other hand, nGr0 is assumed to be equal to 6Ge 0 
since both are the conformational energies between the open 
form and the closed fo r m, though their states arc different: orw 
is the state of the radical cation and the other Js the neutral 
state. Therefore, from anoth e r viewpoint the stabl J ization 
energy - (nG0 °-ncd0) is considered to be equal to -(6Gxo+nGeo} (= 
-6GY 0). which corresponds to t he entha l py term in the process 
from the localized radical cation to the dimcr raclieal cation. 
2-4-3. Slabi ll~ation Energy of Dime r ic Model Compounds 
(A) Oxidation Potentials in the Closed Form 
F.q. 2-4 shows that the stabilization energy of dimcr 
radical cations can he estimated if the oxidation potential of 
the closed form of the dimcric model compounds is obtained. 
The oxidation potential measured by eye I ic vo I tammetry. ho'\\cver. 
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corn:'sponds 
Euz<c 1 osed). 
impossib lc. 
to that of the open form (E 1; 2(open)) and not to 
Thcr<'fore. direct evaluation of F112(closed) is 
The free energy c:hange (nG0 ) of the' radical cation 
transfer is rclaled to the difference between the oxidation 
potential of a dim<>r[c model compound and that of D'l:\St by cq. 
2-1. Thus, the oxidation potential (E 1; 2(closed)) of a dimcric 
model compound in the closed form can be estimated from nG0 
using the following cquation. 
F1; 2 lcloscd) = E 1 ; 2 (DMASt/D~ASt!) - nG0 
= O.G4 - 6G0 ( 2 - 5) 
In this study, 6G0 was estimated by using the rc lat ion bC'twccn 
nG0 und ktr for low molecular weight eompouncls (Figurc 2-G). In 
Figure 2-G, nG0 was obtained from the transfer rate constant. 
ktr in the ordinate as shown by the dottcd lines. The' values 
of t!.GO and of t:112(closed) arc shown in the second and third 
columns in Table' 2-111. respC'ctively. 
Table 2-III. Oxidation potential and stabilization ennrgy of 
d i mer i c mod1' I compounds. 
compound nG0 /cV 
EtCz - 0.54 1) 
r-OCzPe 0.41 
m-DCzPr -0.24 







0. 1 :1 
0. :w 
0.41 
1) This \nlur 11-as calculated from the oxidation potentials 
of FtC1 and D~ASt. 
37 
TIH' oxidat ion potential E 112 (closed) decreases in the 
order, r- DCzPe ( 1.05 V vs. SCE). m- DCzPe (0.88 V vs. SCE) and 
DCzPr (0.77 V vs. SCE). whereas thut of EtCz is 1.18 V vs. SCE. 
This shows that. the oxidalion potential decn'!ascs with the 
increase of th<' stabi I ization by the neighboring interaction. 
Bccns and Wellcr25) investigated the oxidation potential of 
dimcrs by thC' emission spectra of D-0-A exterplcx. They 
estimated the oxidation potential of the naphthalene dimP.r using 
eq. :H). 
11 'max - v m<lX ( 2-6) 
where E112m;o+) and E112(00/DO+) arc the oxidation potentials of 
monomer and dimer, respectively, and :,.. 'max and v"max arc the 
wavenumbers of the peaks of 0-A exciplex emission and 0-D A 
exterplex emiss ion, respectively. later. 'lnsuhara et al. ;-ippliNl 
this method to the DCzPe - o-DCNO system. 26) In the present 
study, the oxidation potential of the dimeric model compounds 
was estimated by applying this equation to the dimcrie model 
compound - D'lTP systt"ms in benzene. ThC' values E1; 2(D/D+) and 
v'max arc taken from the oxidation potential of F.tCz and the 
w:wenumber of the peak of exciplex r~mission in the EtCz - D'lTP 
system, respectively. The peak wavelength of the exterp\ex 
emission in the dimcric mod<'l compound - D"1TP systems is about 
520 nm for r-DC'zPe. 560 nrn for m OCzPe and 550 nm for DCzPr. 
>nhcrcas the exciplcx in lhe EtCz I}'JTP system appears at ca. 
480 nm. Then, the oxidation potentials of the dim<'ric mod<'i 
compounds arc estimated to b0 ca. 0.9U V for r-DCzPe, 0.81 V for 
m-DC'zPe and 0.83 V for DCzPr. These values agn'e within !0.1 V 
to Lhos0 estimated by the rate C'Onstants of the radic·al cation 
t. ransfe r mcnti oncd above. 
(B) Estimate of Stabi llzation Energy 
Eq. 2-4 shows that the stabilization energy (t.F) 
corresponds to the difference between the oxidation pot.enlial 
(1.18 V) of EtCz measured by cyclic voltammetry and that 
(E112 (closed)) of the dimeric model compounds in the closed form 
listed in Table 2-JII. Thus. by using the values E112(closcd) in 
Table 2-lll, t.E ean be calculated. The obtained values uE's arc 
listed in the last column in Table 2-III: ca. 0.1 cv for r-DCzPe, 
0.3 eV for m-DCzPe and 0.4 eV for DCzPr. This means that the 
stahi l ization of the dimer radic:al cations is closely related to 
the overlapping of the two carbazole rings and that the 
stHbi:lization energies are 0.3- 0.4 eV and 0.1 eV for the fully-
overlapped dimer radical cation and the partially-overlapped 
dime1r radical eation, respectively. 
2-5. Cone I us ion 
The CR hand of the earbazolc dimer radiea\ cations was 
measured by the nanosecond laser photolysis. The fully-
ovf'rlappcd dimer radical cation for m-DCzPe and OCzPr shows 
the Cit band around ca. I GOO nm, wh i I c the parlia lly-over I app<'d 
one for r - DCzPe shows the CH band around ca. 1800 nm. This 
suggests t hut Lhc former is stabler than t.hc !alter. This was 
<'Onl'i rmed quanti t.atively by the radical cation transfer method. 
The dimcr radical cations of the dimcri(~ model compounds were 
stnbilized by the n<'ighboring chromophore interaction in the 
ordPr, r - DCzPc. m-DCzPe and OCzPr, and their stabilization 
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CIIAPTE~ :~ 
STABILITY OF CARBAZOLE RADICAL CATION FORMED 
IN POLY(~-VJNYLCARB/\ZOLE) BY CHARGE DELOCALIZATION 
3-1. I ntroduc Lion 
C a r b a z o 1 c r ad I c a I c at i on ( C z ~) f o r me d i n p o l y ( ti-
vinylcarbazole) (PVCz) is stabilized by the neighboring 
chrornophorc interaction. Washio et al.l) studied the formation 
process of cz: in PVCz and its reactivity by a pulse radiolysis 
m<' t lh o d and f o u n d t h a t t h c r e co m b i n a t i on an d s c a v en g i n g 
r<'actions arc.> suppressed by the stabilization. 
~1asuhara et at. 2> suggested that the dimeric model 
compounds. meso- and rac-2,4-di(~-carbazoly Upentane (m- and r-
DCzJPc), form the sandwich dimer radical cation having the fully-
ove r lapped con formation of carbazo I e ch romopho rc unci the 
seeond dimcr radical cation having the partial ly-overlappccl one. 
respectively. l"u rthermorc. in comparison with the absorption 
sp0c;tra for dimeric model compounds. they concluded that the 
transient absorption spectrum of cz: in PVCz is a superposition 
of absorption bands of thref' kinds of dimer radical cations. 3> 
In the previous chapter, the stability of carbazole dimcr 
rad1caJ c:ations was studied for dimcric model compounds of P\'Cz 
in a solution by the radical cation transfer method and by the 
charge-resonance (CR) band mcasu r 0.m0.rH. to understand the 
nci~~hboring chromophorc int0raction of the ntd i cal cation. Tho 
stahl I ization en<'rgy wa.s estimated to be 0.3 - 0.4 eV for the 
J'u 1\y-ovcrlapped dimcr radical cation and ea. 0.1 eV for the 
partially-overlapped one. 
In t.his chapter. transient absorption spectra (CR band) of 
cz; were measured by laser photolysis for PVCz and the 
copolymers of ~-vinylcarbazole (VCz) with methyl methacrylate 
('1 "L'\ ) a n d v i n y 1 a c e t a t e ( VA c ). In the copolymers. the 
neighboring chromophore interaction on cz: is interrupted by 
the inert comonomcr, i\'1Jv1A or VAc. By investigating the relation 
bctwcC'n the CR band and the fraction of VCz in the copolymer, 
the degree of the charge de localization In PVCz was estimatC'd. 
By the radical cation transfer method, the stabi I lzation <:>ncrgy 
of cz: in PVCz was estimated quantitatively and compared with 
that of the dimcr radical cation. 
3-2. Experimental Section 
3-2-l. Materials 
(A). E I ect ron Donor s (D 1) 
VCz (Tokyo Kasei Kogyo Co.) was recrystallized from 
methanol and hexane several times. PVCz was prepared by a 
radienl polymerizalion initiated by AlB~ in dcgnsscd benzene at 
GO °C. The mo lecu Jar weight (rvM:) was determined to be 8xJ o5 by 
GPC (To yo Soda IILC H02 Ul~) wt th a G400011 and a C:'-111 co I umns. 
"'l'lA (Wako Pure Chern. Ind.) was washed with aqueous Na2so3• 
aqueous i\aOH and aqueous !"aC l. and then dried on Na2so4• and 
finally distilled under reduced pressure. VAc (Wako Pu rc Chern. 
Ind.) v.as purified by distil Jalion. The copolymers of vCz. with 
'1'1\ and of \Cz with VAc were obtained by a radical 
copolymerization initiated by AJU~ in degassed benzene at GO °C 
an d \\ a s p u r i f i c d by p r e c i p i t a t i on t h r e e t i m c s . 4 • 5 l T h c 
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Tlllb l e 3- I. 'ltonomcr feed ratio ( F l . ~w. the frnctlon of VCz 
< r vcz l · sequrntinJ distributions of VCz ( F 1 , F2, F3. SP(! the 
te-xt) f'or the copolymers of VCz with ~1~1A (A series) and of \'Cz 
y,jLh \'Ac (B seri~s). 
Copolymer Fa ~w/105 fvcz Fl F2 F3 
Al 0.18 1.3 0.07 0.93 0.06 0.01 
A2 0.69 ] . 6 0.22 0.77 0.19 0.04 
A3 1.6 3.0 0.37 0.58 0.28 0. 14 
Bl 0.11 0.45 0.38 0.59 0.27 0. 14 
B2 0.25 0.56 0.62 0.36 0.29 0.35 
B:l 0.67 1.2 0.79 0.13 0.17 0.70 
B4 1.5 2.4 0.83 0.04 0.06 0.90 
a F=[VCz]/[fomonomer] 
conversion of the copolymerization was suppressed to belov. 
30 rnol%. The molecular wcight (~v) was measured by GPC. and 
Lhe fraction Cfvczl of VCz unit in the copolymer was determined 
by l'V absorption SP<'Ct ra in dich loromethane with a Sh imadztl UV-
200S spectrophotometer. Three samples of the copolymer of \'Cz 
with -'1~1t\ and four samples of the copolymer of VCz with VAc 
were prepared. These copolymers were designated as AI, A2. and 
A3 f'or the former and Bl. B2. 03. and B4 for the lattC'r in the 
ordc·r of increasing fvcz· The molecular weight (~) and the 
fraction Cfvcz) nrc summarized in Table 3-1 with the sequential 
distribution (F 1, F2, F3) calculated from the monomer reactivity 
ralios, r 1 and r 2. according to the terminal model.
6) F 1 is the 
frn<'tion of isolated \-Cz. F2 is the probability that a \Cz unit 
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is found in a dyad sequenc<> of VCz. F3 is the probabi I i ty that 
a VCz unit is found in the sequence whose sequential length is 
more than two. ~-Ethylearbazole (EtCz) was synthesized by the 
reaction of sodium carbazole with ethylbromide and purified by 
recrystallization. 
(B) Electron Acceptor (A) 
1,4-0icyanobenzene (p-OCNB. Wako Pure Chern. Ind.) was 
purified by recrystallization from ethanol three times. 
(C) HadicaJ Cation Acceptors (D2) 
~.~.~' • .ri'-Tetramethyl-1.4-phenylenediamine (T:vJPD, Tokyo Kasei 
Kogyo Co.). 2.5-dimethoxyani I inc (0'101\, Wako Pure Chern. Ind.), 
diphenylamine (OPA, Tokyo Kasei Kogyo Co.), triphcnylamine (TPA, 
Tokyo Kasel Kogyo Co.), and 1,2-dimethylindole (0:'1[, Wako Pure 
Chern. Ind.) we rc purified by reerysta IIi zation. .!i.!i-Dimethyl-1.4-
toluidine CD'1T, Wako Pure Chern. Ind.) and ~.!:!-dimethylaniline 
(D\tf\, Wako Pure Chern. Ind.) were purified by disti I lotion under 
reduced pressure. 
(I)) Solvents 
Spectroscopic grade of :ti_,_ri-dimethyl formamide (D~1F, Doti t c 
Spectrosol) and dichloromethane (Dotilc Spectrosol) were used 
without further purification. Acetonitrile (MeCN, Wako PurC' 
Chern. Ind.) was fractionally distilled after reflux ovC'r r2o5. 
3-2-2. Measurements 
(A) Transient Absorption Spectra 
Thf' transient absorption spectrum of Cz~ was measured in 
the presence of an electron acceptor, p-OC,\B, by the excimcr 
laser photolysis system. The photoexeilation was mn<.le by a :ws-
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nm laser pulse of u XcCI excimC'r laser. The pulse intensity 
was .allenuntcd properly by filters. As the monitoring system 
for the measurements of transient absorption spectra. a 
photovoltaic indium arsenide (lnAs) diode deleetor (Jiamamatsu, 
rs:l8) wus used. For the measurements of transient absorption 
spectra, the absorbance of carbazole chromophore at 308 nm was 
adjusted to be ca. l.8, and p-DCNB (8.0xl0-2:'\'1) was added to th<> 
system. The measurements were carri~d out in a 1-cm quartz 
cell in D'lF solvent at 298 K. The samples werP degassed by the 
freeze-pump-thaw method. 
(B) l~adical Cation Transfer 
In this chapter, the radical cation transfer was measured 
from ctCz~. and cz: in the copolymer Al and in PVCz to amine 
For the radical cation transfer measurements, 
the d0tection system equipped with a photomulliplier lube 
{Hamamat.su, H~J28) \HiS used since it has a fast rcspons<> time of 
ca. ~; ns. To avoid excitation of o2• carbazole chromophorc was 
photocxcited by an attenuated :~51-nm laser pulse of XeF C"X<'imer 
laser. For the radical cation transfer measurements, the 
absorbanee or carbazole chromophorc at 351 nm was adjusted to 
f'a. 0.7 for Al system and ca. I for EtCz system and PVCz system. 
D2 \\as added to th0 EtCz and AI systems in 
(•onc<'n t ration; l T'1PD ]=2.0xl0-4M, 1 D~lOA ]=G.Ox 1 o-4•1. 
[D"1A ]=7 .Ox 1 o-4;-.1, [OPA]=7.0x I0-4'1, I TPA 1=7 .Ox l0- 4,1, 
the following 
[DMT]=7 .Ox 1 o-4,1, 
and [OVJI] :: l.Ox 
10-3,1. Tile con<:ent ration of o2 (D'lO:\. 0'1:\, and DP,\ ) in the P\'Cz 
systr'm was adjusted to l.Oxlo-2 "1. The samples contain 6.4x10 2 '1 
P-DC~B as the electron acceptor. 
in degassed D:\lF solvent at 29K K. 
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The measurements werC' made 
(C) Oxi dation Potentia Is 
The oxidation potentials of EtCz ancl D.., were measurNl by 
"' 
eye! ic vol tammetry using Ag/0.01 N Ag+ in 1\'lcC\ as a rC'fcrcnee 
elC'etro<.le. The potenlials were converted to the ones relative 
to SCE(E1; 2): E1; 2=1.18 V for EtCz. 1.06 V for DMI. 0.99 V for TPA, 
0.95 V for DPA, 0. 77 V for DMA. 0.72 V for D'1T. O.G4 V for D'VIOJ\, and 
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Figure 3-1. Transient absorption spectrum of PVCz -
p-DC~B(8.0xl0- 2M) system In D'1F at 2~)8 K at 2 J1 s nft er 
excitation. The concentration of carbazole chromophore \\H!> 
adjusted to be 3.0x 1o-3M. 
3 3. Results and Discussion 
3- 3 -1. Charge Deloeali:r.ation of Radical Cation in PVC:r. 
Figure 3-1 shows the transient absorption spectrum or a 
P\ Cz - p-DCi\B system at 2 11 s after excitation. The absorption 
band at ea. 430 nm was assigned to the radical anion, p-DC\B .. 
The cz; gives t.wo absorption bands. On0 is the visible band at 
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ca. 750 nm7•8) which is very broad compared with that of Lhc 
monom<'r radical cation. EtCz~. The other is thC' CR band at a 
wavelength Longer than 1900 nm. The CR band is shifted to 
long-er wavelengths than that of the dimer radical cation, 
appearing al ca. IGOO nm and at ca. 1800 nm for the fully-
OYer lapped dimcr radical cation for m-DCzPc and the> partially-
overlapped dimcr radical cation for r-DCzPe, respectively. 
,, 
According to the liockel "10 theory, the CR hand of the dimcr 
radical eat.ion is shifted to shorter wavelengths with the 
inen~asing interaction , i.e., the increasing stability of the dimer 
radical cation. However, this cannot be appl icd to PVCz, since 
the Cz~ in PVCz is stabler than the dimer radical cation as 
" described below. On the other hand. Hu::kel :v!O calculations 
indicate that the CR band of a radical cation should be shifted 
to longer "avclengths with increasing charge delocalization such 
as dimer. trimer. and t.etramcr.Q,JO) The longer-wavelength shift 
for PVCz is considered to be due to an increasing charge 
dcloca I i:r.ation. 
The transient absorption spectra for the copolymers were 
measured to investigate the neighboring chromophore interaction 
on lhc radical cation. Figures 3-2 and 3-3 show th<> transient 
absorption spcetra of Cz~ In the ('Opolymcrs of V("z with '·1~1A 
(AI - A:~) and of VCz with VAc (HI - H4) at 2 JL s after excitation, 
respectively. As shown in Figure 3-2-(a). Cz~ of AI gave only 
thc> visible band at ca. 820 nm which was similar in shape to that 
or the monomer radical cation. Etcz;, and the CR band in thr 
ncar - infrared r<•gion v.as noL observed. This means that \1 
forms only the monomer radical catton and that the neighboring 
chromophorc interaction is intc>rrupt.ed by the inerL <"omonomcr, 
;'\-l\1,-\. This is expected by the fact that the fraction (F 1J of 
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Figure 3-2. Transient absorption SPC'<"tra of Cz; for th(' 
c opolymers of VC7 '*ith "f'1A in D:'>W at .2~8 K at 2 J1S after 
excitation: (a) Al; (b) A2: (c) A3. The absorhan<:C' of 
carbazole chromophore at 308 nm was adjusted to ca. 1.8. t\ll 
the samples contain 8.0xlo-2M p-DC\B. 
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there is almost no interaction of cz; with rC'mot.P carbazole 
chromophores in a polymer chain. The oth0r copolymers showed 
the CR band In the near-infrared region along with the visible 
band. In Figure 3-4, the peak wavelength O.cR> of the CH band 
and the ratio of the absorbance of the CH band to that of the 
radic·al anion. p-DCNB~ (430 nm) (AcR/A430} wer0 plotted against 
the probabi lily of carbazole chromophorc not to be isolated, l-
F1. For the copolymer with l-F1<0.4, the CR bands appC'ar at C"a. 
1800 nm, and the relative absorbance of the Cl~ band in(:reases 
with the increasing 1-F1. Since the probability (F3) that Cz~ is 
formed in the scqucnec having more than two VCz units is very 
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Figure 3- 3. Transient absorption spectra of cz; for the 
<·opo lymers of VCz with \"Ac in 1)\lF at 2\JX K al 2 11 s after 
excitation: (a) 131; (b) B2; (c) B:l: (d) B4. The absorbaiK'<' of 
c·arhazole chromophore at 308 nm was adjusted to ca. 1.8. All 
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Figure 3 4. Peak wavelength of the Cl~ band O..c 1~) and its 
relative absorbance to that at 4:HJ nm (AcR/A4:w) arc plotted 
against l - F1. 
small in th<' region l-F1<0.4. the CR band is due to the dim<·r 
radical cation formed in the dyad sequence of VCz. Wit.h t.hc 
increas<' of I-F 1, the fraction of cz: form<'d in the dyud 
<><'QUC'ncc to the monomer radica I c·ation increases, and lhc 
absorption intcnsity or the CH band is cnhanccd. For the 
eo p o I y m c r w i t h 1 - f 1 > 0. 5, t h e C H b a n rl i s s h i f u~ d t o I o n g c r 
wavelengths 'tltith th<' incrctise of l-F 1. An absorption of lhC' 
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so 1 vc~nt prevents mcasu ring a transient absorption spcetrum in 
the v,:avel<~ngth region longer than 2100 nm. Thereforc. the shape 
and the halfwidth of the CR band were roughly evaluat<'d. The 
Cl< band seems to b<>come broader with l onger-wavelength shi f1 -;, 
At 1 east. the CH bands for B4 and PVCz arc obviously broader 
than those for A2 and A3 which arc considered to form mainly 
the dimer radical cation. The longer-wavelength shift and 
broadening of the Cl~ hand for PVCz arc not due to a perturbed 
dimer radical eation but to increasing contribution of Cz~ 
de localized umong more than two ch romophores. In fact, the 
shift of the Cl< band begins ut l-F 1=0.5. where the fraetion or 
Cz~ formed in the VCz sequence huving mon~ than two units Is 
larg·er than that of cz: formed in the dyad sequence. 
Furl h<'rmorc, B4 with F 3=0.9 gave the same transient absorption 
spC'ctrum as PVCz (Figure 3-3-(d)). Thus. the shift and 
broadening or the CR band correspond to the increase of r 3. 
This suggcsts that the Cz~ in the polymer, PVCz is stabilized 
by the charge delocalizat.ion among more than two ehromophores. 
3-3-:~. Stabi I ization Energy of Radieal Cation in PVCz 
At first, the free cncrgy change (~G) dependence or the 
rate c~onstant (ktr) of the radieal cation transfer reaction was 
investigated. The radical cation transfer to amine compounds D2 
(T'1P D. l>:VIOi\, D~lT, D'1A. DP A, TP A, and D:'-11) was measu rC'd f'o r ELCz 
and th<' copolym<>r Al. The free energy change (~G) in eq. 3-1 
was esLimatc•d by the di f'fercnec between the oxidation potf'ntial 
of EtCz and that of D2. 
E1; 2 ( EtCz) 
Since Cz~ in \I is not stabilized by neighboring chromophore 
interaction. the oxidation potential of carhazole c hromophore in 
i\ 1 is asf;umed to he equa I to that of EtC:z. The decay eu rvcs 
of Cz~ were mcasu red at 7aO nm for EtCz and at 820 nm for A 1. 
As an example. the decay c urve of EtCz~ for EtCz - OP/\ - p-














Figure 3-5. Transient absorption decays at 7~0 nm of EtCz 
radical cation in 0'1F at 2U8 K in the presence' of p-DC\'B 
( 6 . 4 x 1 0 - 2 '1) : ( a ) w i t h o u t 0 P A ; ( b ) w i t h D P A ( 7 • 0 X 1 0 - 4 ~1) . 
In the abs0ncc of DPA, EtCz~ recombines with p-oom .• but the 
absorption scarcely decays in this time region (Figure 3-5-(a)). 
The addition of DPA accelerated the decay of Etcz; by ttt<' 
radical cat ion trans fer to DPJ\ (Figure :J-5-(b)). The rate of the 
radical cation transfer is much faster than that of the 
recombination: ktr[n 1:JID 2 ] >> kr[n 1:J[A.]. Th0n, k 1 r wns 
dctermin0d hy t.hc slope in the plot of In 1\ against t using cq. 
7 in :\ppcndix. l·igurc 3-5-(b) gave ktr=3.22xto9 '1- ls- 1. For ttl0 
oth0r syst<'ms, ktr was determined in the same y,ay by addition 
of a prop<'r conc:0ntrat.ion o f o2. Tahle 3-!1 shows the results. 
Th<> S<'<'Ond and the fourth columns arc ktr's for EtCz and for 
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TablE ~ :i-ll. Frcf' P!H!rgy c hange (nG) and rate constants (ktr· kc) 
of radical cation transfE!r to D2 for FtC7. and i\1 systems. 


































In each system, ktr for Al is smaller than 
that for EtCz. Jlm\CVC'r. t hcse val ucs cannot be simply compared 
with each other. since the radical cation transfer in this 
intermolecular syst.cm contains the diffusion process and the 
elcetron transfer proce~s. For th<> radical cation transf0r to 
OC'CUr, first of' all, cz: and 0 2 must. be brought close togC't.her. 
Then~fore, t.h0 radical cation transf0r reaction c::.1n h<' 
cons. i d c r c d to b c a cons e c u ti v c reaction t h at t h <' c I c c t ron 
transfer proc0ss follows th0 diffusion process. In t.he radical 
cation transf0r syst0ms studied in this experiment, the clN'Lron 
transfer proc0ss is a rate-limiting step except for the case of 
T'lPD. Then, the rate constant of the radical cat ion t r::.1nsfcr is 
givc>n by thf' follov. ing C'Quation. 11 ) 
k -1 





whcre kd and kc are rate constants of the di ffuslon and the 
electron transfer processes, respectively. It is considered that 
th0 radical cation transfer to T'tlPO is cxothcrmic (aG = - 1.04 cV) 
enough to be diffusion-controlled. Therefore, th0 rnte constant 
of the radical cation transfer to T:'-lPD was taken as kd; kd = 
G.25xto9 ,rls-1 for FtCz systems and kd :. 3.07xl0~ ~ 1s- 1 fo r '\1 
systems. T h i s i s s u p p o r t <' d by t h c fa c t ttun t h <' Ei n s t 0 i n -
Smoluehowski equation: kd=BRT/300077 gives G.50x!09 ~1-ls- 1 • where TJ 
is the viscosity of a solvent. DMF. The diffusion- rate constant, 
kd, for AI is almost half of that for EtCz. This is justified by 
the fact that the diffusion of the copolymer, Al, is ncgligibly 
smHII compared with that of the low molceular we ight c:ompound. 
ThC' rat0 constants. ke, for EtCz and for 1\ l arc I i stecl in the 
third and the fifth columns in Table 3-Il, rcsp0ctively. In 
Figure 3-6. ke's for EtCz and for A I are plotted against ~G. 
Fac:h system gave a 1 inear relationship bct\\<ecn thP. Jognri thm of 
kc and u G. Th0 1 i ncar re Ia tionsh ip bet. ween the logarithm of 
the rate constant ke and aG was also obs0rvcd for the 
clcC'tron transfer quenching of an excited sratc of aromatic 
molceulcs by anion. 12) 
Po l any i c q u a ti on . 1 3) 
The relation was diseuss<'d by the 
In the present study, the following-
experimental equations were obtained. 
log kc = l.R3 .DG + 9.44 
Jog ke =- 1.83 .DG-+ 9.14 
for EtC7. system 
for .1\1 system 
( 3- :l) 
(3- 4) 
Each system has a similar slope in the scmilogarithmic plot of 
ke as a function of a G, but the intcreept for \I is sma I ler 
than that for Hrz: kc for ~\I is nearly equal to a half value 
of t hct L for FtCz. l\s described previously, the chromophor<' 












o EtCz system 
• A1 system 
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.1G I eV 
Figure 3-6. Helat.ionship between ke and 6.G in thE' radical 
<'ation t.ransf0r to D2 for EtCz and Al systE-ms. Open and 
closed eirclcs indic-ate EtCz and Al systems. respc<"LiVCL). 
D2 is shown by thC' abbreviation in the figure. For P\'C'z, 
L:..G of thc radical <'ation transfer to f)''<10l\, DMA, and DPA was 
e:stimatC'd frorn k ... as shown by the dashC'd 1· 
... 1 nes. 
Cz: in J\1 is not stabilized. Therefore, a srnall<"r value or k 
e 
for AI is considcrC'd to be due to the stcrie hindranC(' of the 
Po ly~mc r ehai n to t.hc access of o2, that is, the polym0r ehai n 
stcri<:al ly restricts t.IH' direction for D.) t.o approa<'h Cz~ in 
... 
tiJC' polymC'r chain, or that electron transf0r in the polymer 
system may occur at a Jongcr distance due to th<' stcric 
hindranec of polymer chain. 
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Table 3- IIl. Apparent transfer rate constant (ktrl. electron 
transfer rate constant (ke), free energy change ( .1G), anct 


















As for the cz; formed in PVCz, the radical cation 
transfer to DMOA. D~to\, and DPA was measured. The conccntratin.n 
of D'10t\, D'V\, and DPA was l.Oxlo-2 ."1. The rate cons tan L. kt r• 
-nas detcrmin<'d by the slope of the semilogarithmic plot of th<> 
transient absorption decay of Cz:'" at 750 nm according to cq. 7 
in Appendix. Table 3-III shows the results. The r<1te constant, 
ke. ""as cvaluat<"d by eq. 3-2 assuming that kd is 3.07xlOU r-C 1s- 1. 
In the radical cation transfer from Cz:'" in PVCz to amlncs, not 
only the stabilization by charge delocalization but also polymer 
effects suc:h as a steric hindrance of a main chain may afr0ct 
the transfer rate eonstant. Therefore, by using the linear 
relationship bctwc0n log ke and .1G for Al, it can b0 
dNerminC"d how .1G incr<'ascs by the st.ahil ization throug-h charge 
delocalization of Cz; in PVCz. In practice, the .1C or th~ 
radic·nl cat.ion transfer from Cz~ in P\'Cz to the radical cation 
acceptor was C'slimate<.l as shm-.r1 by the dashed I inc in Figur<" 3-
li. ~G's for 0'10•\, D'lA, and DPA are -0.06 eV, 0.10 cV, and O.tn eV, 
respectively. In the radical cation transfer to 0'10..\, D'lA. and 
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DPA. Lhe .6.G for PVCz Is larger than that for AI (-0.54 eV for 
D'10t\. -0.41 c.V for D"'lA. and -0.23 eV ror DPt\). This is due to the~ 
stabilization of Cz~ in PVCz by the neighboring chromophorC' 
interaction, and the difference between tiG estimated r·or P\Cz 
and for AI corresponds to the stabilization energy ( - .111) as 
described in the previous chapte r. The evaluated stalli 1 izat ion 
energies (-.111) arc listed in Table 3-111: ca. 0.48 ev with D;\lOA. en. 
0.51 eV with D.'1A. and ca. 0.42 cV with DPA. In this way, t 11e 
stabilization energy of Cz~ in PVCz was estimated to he 0.5 ! 
0.1 oeV on average. In this method, the cfrect of the st.cric 
hi n cJ r a n e c o f t h c p o 1 y m c r c h a i n i s ex c t u (Jc- d by u s i n g L h c 
re I at i on s h i P h c t we c n k c and .6. G for the cop o I y m ~ r A 1 as 
described above, and this value is the net stnbi lization energy 
by t.he neighboring chromophore interaction. The stal>i lization 
energy of Cz:'" in PVC/', is larger than that. of the dimC'r radic·al 
cations (ca. 0.1 eV for the partially-overlapped dimer r.-1dical 
cation and 0.3 - 0.4 eV for the fully-overlapped dimcr radical 
cation). This is consistent \\-ith the result of the CR band for 
thC' copolymer syst<'ms. [t was found that Cz~ in t hC' polymer is 
dE"localizcd among more than two nC'ighboring chromophorC's, and 
that it is stabler than the dimcr radical calion. 
:~-4. Cone I us ion 
By investigating the relationship betweC'n the CH hand of 
the coP o I y me r s o f V C I' an d t h c s c q u c n t i a 1 d is t r i b u t i on o f 
carbazole c:hromophore, it was found that the Cz~ form<'CI in 
PVCz is stllbilizC'd by t.hc charge deloealizat.ion among more than 
two neighboring C'hromophores. Th<' Cl~ band of the Cz~ in P\C1 
~>.as shifted to longer \\av~lcngths than that of the dimC'r 
radi<'al cations. Thi~ r<'sult is qualitatively consistent with the 
t h cor C' tical '10 p r c d i cLio n. The sLab i l i z at ion c ncr g Y bY t h c 
eharge df'Jocalizalion was estimated to be 0.5 ! 0.1 cV for PVCz 
by the radi<'al calion transfer method. This stabilization 
energy is larger than that of Lhc dimer radical cation (ca. 
0.1 cV for the partially-overlapped dimer radical cation and 0.3 -
0.4 eV for the fully-overlapped dimer radical cation). This means 
that t h c stab i 1 i t y of the C z ~ inc rca s e s with t h c char g c 
ctclocalization such as a trimer radical cation. 
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CHAPTER 4 
CARBAZOLE - CARBAZOLE - TEREPHTHAI.ATE EXTERPLEX FORMATION 
4-1. Introduction 
A geminate ion pair formed by photo- induced electron 
transfer dissociates into free ions in a polar solvent, and the 
neighboring chromophore interaction leads to the formation of a 
dimer radical cation. On the other hand, the ion pair forms an 
exciplcx in a non-polar solvent. Simi 1 ar ly to the case of the 
dime r radical cation, the char ge-transfer state of the exciplcx 
is stabiliz<"'d by the neighboring chromophore interaction, 
forming an excited triple complex (extcrplex). ln J!}G8, B<'<'ns 
und \\eller1 l reported electron donor {D) - c lectron donor (D) · 
electron acceptor (A) type of exterplex which consists of two 
naphthalene (D) and 1.4-dieyanobenzene (p-DCl\:13, t\). Since then, 
many DDA type of cxterplexes have been investigaled .2- 8) As 
for the cxtcrpl<"!X of 2-methylnaphthalene and 1,3 -
dinaphthylpropanf' with p-DCNI3, :'<limura and Itoh5) studiccl the 
f"orm.ation process of the cxtcrplcx by measuring timc- r<'solved 
emission spcetra ancl analyzing the emission dceays. Hoyle and 
Cui II et G) found t.hat a poly(~-vinylcarbazolc) (PVCz) - dim<'thyJ 
tcrcphthalate (IPlTP) s}stem shows a broad emission around 520 nm 
in benz<'nc, and assigned this broad emission 
carbazole - D~ITP cxt<'rplex. Furthermore, 
to a carbazole -
'lasuhara ct al.7) 
rcpo rted that m0so- and rae- 2,4-di(~-carbazoly I )pen tanc (m- and 
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r - DCzPc) show. in t.h<' prcs0ncc of l,:i-dicyanobenz<'ne (m-DC\B). a 
broad cxt<'rplex emission around 510 nm and around 4GO nm 
eorrcsponding to their differ<'nt configurntions.The dif'fer<'nCP in 
the emission spectrum was considered to be due to the 
difference in the cxtcrplcx structure; it is suggested that r -
D('zl'c f'orms a DDA type of exterplex in which two carbazolyl 
(('z) chromophores overlap partially (partially-overlapped 
ext€'rplcx), while m- DCzPc forms one in which two Cz 
ch romophores over lap completely each other (fu lly-oycrlappNI 
extcrplex). 
Previous chapters dealt with the stabilization of th<• 
ca r b a z o l e r ad i c a 1 c a ti on s r o r PVC z an d i t s d I me r i c mod c 1 
compounds achiPved by the neighboring chromophorc interaction. 
In this chapter. the structure, the stability and the formation 
~ rocess for the Cz Cz - D~ITP exterplex were investigated by 
mensu ring the fluorescent properties of PVCz. its dimcric mode I 
compounds and the copolymers of ~-vinylcarbazole in thr 
pr<'scnce of D~TP. Since the exterplcx is formed by th<' 
stabi I ization of the charge-transfer state by the neighboring 
chromophore interaction. the mechanism of the stabilization is 
antl.logous to the cas(> of the dimer radical cation. Thr 
similarity of the interaction in the exterplcx to that in the 
dimcr radieal cation was discussed. 
4- 2. Experimental Section 
4- 2- 1. Materials 
Two kinds of P\'Cz having <lif'f'er(>nt stercoregularity were 
prepared, one (PVCz(c)) by 13F 30Et 2-iniliated cationic 
polymerization in <iichloromcthane, the oltwr (PVCz(r)) by t\IB;\ -
initiated radical polymerization in b~nzcne. The monom<'r, \-
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vinylcarbazoJP (VCz, Tokyo Kasci Kogyo Co.). was reerystatlizcd 
from m<'thanol and hexane several times. The weight-average 
molecular weight (1\w) was estimated to be 2xto4 for PVCz(el and 
8x!05 f'or PVCz(r) by means of GPC (Toyo Soda IILC 802 tR) with a 
G4 0 0 0 II and G M II co l u m n s y s t c m c a 1 i brat e d w I t h s tan d a r d 
polystyrenes. The syndiotactic frac:tion was estimated to be ca. 
0.5 for PVCz(c) and ca. 0. 7 for PVCz(r) from a fJ uorcsccn t 
spcctrum.9) As a dimcric model compound of PVCz, DCzPr. m- and 
r-DCzPe were synthesized. A monomeric model compound, ~-
ethylcarbazole (EtCz) was synthesized. These mode I compounds 
wrre purified by recrystallization. Styrene (St, Wako Pure 
Chern. Ind.) and diethyl fumarate (DEF. Wako Pure Chem. Ind.) were 
purified by distil lat.ion llndcr a reduced pressure. A random 
copolymer of VCz with St (P(VC:z-St))lO) with a VCz fraction of 
ca. 0.1 and an alternative copolymer of VCz with IJEF (P(VCz-
DEF)) '11) wer<' prepared hy radical copolymerization in benzene. 
Poly[ 2-{~-ca rbazo Lyl)ethy 1 mrthac ry 1 atej (PCzEMA) was prepared by 
radieal polymerization of the monomer. 2-(~-carbazolyJ)cthyl 
m<"!thacry\ate. 12) The PS-callbrated GPC molecular we>ight (\'fw) 
was round to be 7xl04 for P(VCz-St), lxJ05 for P(\'Cz-DEF) and 
Sx104 for f>Czl-'"lA. Dimethyl tf'rephthalate (D'>tTP, Wako Pure Chern. 
Ind.) was pul"ified by recrystallization. 
4-2-2 .. Mcasurcmcnls 
All m0asurcments were made in solution of degassed 
bcnzt'ne (J)ot.it.c Spectrosol) at room tcmperatur<' except the 
cxp<'r·im<'nts of tcmp(>ralurc dependence. Tlw eoncentrat.ion of Cz 
chromophore Y.as adjusted to below 3xi0 - 4 "1 to avoid an 
intcrmoler.u Jar int.craetion. All samples contained 0.07 '1 D'1TI' as 
an electron aeceptor. 























t.OO 500 600 
Wavelength I nm 
Figure 4-1. Emission spectra of the Cz monomer and climeric 
model compound systems in benzene at room temperature. 
(a): EtCz(3.0xi0- 4 l'-'1) - D~1TP(O.l ~1). 
(b): r-DCzPc([Cz)=l.2xl0-4 '1) - D:'o1TP(0.07 \1), 
{c): m- DCzPe([Cz J=l.Oxl0-4 ~1) - D:vJTP(0.07 '1). 
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Shimadzu UV-200S spectrophotometer and a Hitachi 850 
spcetrophotofJuorometer, respectively. A fluorescent. lifetime 
\\'as mcnsurcd by a single photon counting mcthoct (J>I~A rnc. model 
510B). The measurements of the fluorescent spectra and lif'etim(' 
we r ('' c a r r i e d o u t b y s e 1 e c t i v e p h o t o e x c I t a t i o n o f C z 
cbromophorc. 
4-3. Hesu 1 ts 
4-3- 1. Emission Speetr a 
Figure 4- 1 shows the emission spectra for the monomeric 
and dimeric model compound - D:vJTP systems. •\s shoY.n in Figure 
4-1-(a). EtCz - D'lTP syst<'m gives a monomer emission having a 
vihrnt ional structure and an exciplcx emission around 4RO nm. On 
th<' other hand, the dimeric model compound- J)\lTP systems shoY., 
as W(') 1 as Lh<' monomer and the excimcr emissions, a new broad 
em i s s ion i n a w n v e I c n g t h reg i on I on g e r than t h <' ex c i p l ex 
emission region. r-DCzPc system (Figure 4-1-(b}) stwws a broad 
em iss ion around 510 nm whose quantum yield and I i !'eli me werP 
m<'asured to be 0.048 and 71 ns, respectively, whi lc m-DCzPc 
system (Figure 4-1-(c)) shows a broad emission around 5Cl0 nm whose 
lifetime and quantum yield were measured to he 3G ns and l('ss 
t.hun 0.017, respeeli vely. These broad emissions were assigned to 
Cz - Cz - D.'>lTP cxterplex emission. 
Figures 4-2-(a) and (b) show the emission spectra f'or 
PVCz(c) and PVCz(r) systems, respectively. 1\s shown by the 
dottc•d line, in the abs0n0c of D:'tlTP, PVCz gives th0 second 
excimcr emission at ca. 370 nm and the sand".ich exeimcr emission 
at ca. 420 nm. !:>, 1 :!) The fraclion of these cxeimers depends on 
the stc rcoregulnrity; the larger t.llc syndiotaetic fraction. the 
larger the ratio of the second cxcimer emission to th0 sandwich 
G7 
excimer one. When D'1TP is added to these systems. both P\Tz's 
~ivc thC' second excimer emission at ca. 370 nm and a new broad 
<"'mission around 510 nm as shown by lhe solid linP-. The latter 
was ascribed by Hoyle and Guillet6) to Cz - Cz - D:'>'ITP extcrpJcx 
emission. It is noteworthy that the two PVCz's show the same 























































Wavelength I nm 
(a) 
(b) 
Figure 4-2. Emission spectra of PV\z c:;ystcms in bcn;r.enc at 
room temperature. 
(a): PVCz(c)([Cz]=l.Sxl0- 4 \1) system, 
{b): PVCz(r)([Czl=1.7xl0- 4 _\1) system 
The dotted and sol 1<1 lines show the spectra in the abscnc<' 
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(c) 
l.OO 500 600 
Wavelength I nm 
Fi{!~ure 4- 3. Emission spec-Lra or the polymer systems having 
Cz chromophorcs In benzene at ro<)m tnmr t 
·" t)era ure. 
(a): PCzF'l'\([Czi=Llxl0-4 "!) system. 
{b): P(VCz St)([Cz]=2.4xlo-4 '1) syst <"'m, 
(c): P(VCz- DEF)([Cz]=8.5xlo- 5 l"l) system 
The dotLC'C1 and solid lines show the spectra in the abscncf' 
of DVJTP and in the prcscnc~ of D:'vlTP(0.07 !"l). 
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· · ( "' fo) l n the absence Tab l e 4 - 1. Quantum yield of Cz emtss1on ~
of D'lTP. those of monomer emission (<Dr) and exciplex emission 
(¢r') in the presence of DMTP and quantum efficiency of 
exciplcx emiss ion (qr'l in the presence of D~TP. 
cD 0 cDr cDr 
. qf t f 
EtCz - DMTP(O.l ~) 0 . 51 4 0.022 0.121 0.13 
PCzEMA - DMTP(0.07 M) 0 .473 0.022 0.088 0.09 
P(VCz-St) - DMTP(0.07 ~) 0.4 10 0.061 0.116 0. 1 :~ 
P(VCz- DEF) - DMTP(0. 07 M) 0 . 128 0. 014 0.054 0.06 
The emission spectra of PCzE:'r1A, P(VCz- St) and P(VCz- DH ' \ 
an• sho~n in Figures 4-3-(a), (b) and (c), respectiv<"ly. In thC' 
absence o f D'ITP. only the monomer emission v.as obsen:cd. and 
the cxcimer emission w,1s hardly detected, as shown by t.h C' 
dotted line.l2.14,l5) This suggests that the neighboring 
ch romopho re interaction in the exci Led sLate Is su pp ressC'd 
because or the separation of the Cz ch r omophore from LhC' main 
chain or as a result of copolymerization . When t he Cz monomer 
exei ted state of these po l y me r i s qu en c hed by D."ITP, a nf'w 
brond ~mission appear s a r o und 480 nm. This is the same excipkx 
emission as In the EtCz - DMTP system. Table 4- 1 gives the 
quantum yie I <.I (<t>f0 ) of t he Cz mo nomer emission in the absence 
or D'¥JTI'. those or the monomer- (cDr) and the exciplex (<T'! r' ) 
emissions in the presence of 0'¥1TP. and the quantum efficiency o f 
the exC'iplex £'mission (qr'l ca 1c ul atcd with the following 
(•quation. 
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( 4 - I ) 
ThC' quantum yield cDf0 for P(VCz-DEF) is much smaller than that 
r l ·tc This ic; considered to be due to the intramolcC'ular or •. , z. 
quenching by DEF. since DEF has an electron-accepting prop<'rty. 
rn the case of P(VCz- St) and PCzEMA systems, cD fo and qf' ar0 
nearly equal to those of t.he r:tcz system. 
4-3-:~. Tempe r ature Dependence o f Extc rplex Emiss ion 
Figures 4- 4- (a) and (b) show the temperatu r e depend0nc:0 of 
the cmi ss ion spec L ra for r - DCzPe a n d m- DC z Pc systems, 
respectively. /l.s th<' temperature rises from 15 °C to 75 °C. the 
quantum yields of the monome r and the excimer emissions 
decrease, and that of the exterplex emission increases with the 
peak shifted towards a shor ter wavelength. The PVCz{c) system 
b0haves diff<'r<'ntly (Figure 4-4-(c)). With increasing temperature. 
the yiC'Ids of thC' monome r and the exter plcx emissions decrease. 
and the peak wavelength of the exte r plcx emission is shift0d 
towards a longe r wav0length. 
4-4. Di sc:uss ion 
4-4- 1. Partiall y - ove rlapped and Fully-overlapped Extc rpl cxcs 
The emission spectra f or DCzPc - Di'lTP system indicates 
that DCzPc forms two kinds of extPrplex in which th<> <kg-rcc• of 
overlapping of the Cz ch r omophorcs is diff<>rent because of the 
stcric hindrance of methyl groups in the main chain. This is 
analogous to the DCzJ>e - m-DC~B system stud icd by '1asuha ra c>t 
al..7) That is. r - OCzPc D\'ITP system forms a partially-
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Figure 4-4. Temperature dependence of emission spectra for 
the PVCz and OCzPc systems in benzene. 
(a): r-DCzPc([Cz]=l.4xi0-4 ~1) - D~1TP(0.07 ~). 
(b): m DCzPe{[Czl=1.3xl0-4 ~) - D"'TP(0.07 Ml, 
(c): PVCz(c)([C.t]=l.9xl0-4 \1) - 0"1TP(0.07 \1). 
The <'mission spectra were measured at 15, 25, 35, 45, 55. 65, 
and 75 °C. 
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one. The parllally-overlapped and fully-overlapped cxterplexes 
show a broad emission band around 510 nm and around .)GO nm. 
respectively. The quantum yield of the exterplex emission for 
the partially-overlapped type is three times as large as that 
for the fully-overlapped one. Furthermore. since the quenching 
by DMTP of the Cz monomer excited state and the cxcimcr state 
is essentially a di ffusion-controllcd process and the quenching 
efficiency is higher than 80 %, the yield of the exterplcx 
formation shou.ld be nearly equal for the two types of 
exterplexes. Therefore. the difference in the quantum yield of 
the exterp lex emission is considered to be due to that in the 
quan1Lum efficiency of the exterplex emission; the quantum 
cfficiiency for the fully-overlapped extcrplex is JowE>r than that 
of the partially-overlapped one. 
Since DCzPr has no methyl group in the main chain, it ean 
take both the fully-overlapped and the partially-overlapped 
co n f o r m a ti o n s . Neve rtheless, the DCzPr- D~1TP system 
selectively forms a fu lly-ovcrlapped exterplex 1 ike the m- DCzPe 
system. This suggests that the fully-overlapped extcrplex is 
stabler than the partially-overlapped ono.. The exterplex is 
considered to b<' stahiliz€'d through the dclocalization of the 
char1ge produced hy partial electron transfer from Cz 
chromophore to D"'TP. Thus, this stabilization corresponds to 
that of th<> dimcr radical eation in a polar solvent. .1\s for 
tho. Cz dimer radical 0ation as described in Chapter 2. the 
fully-overlapped dimcr radical cation is stabler than thf' 
Part L~! ly-over 1 <1ppcd one. The larger the degree or OY<'r lap of 
the Cz chromophores, the stronger th<' stahi lization by charge 
de localization bct'ftccn the Cz chromophores. This wHs found to 
be the cas<' also with t hP extcrplcx. 
As for the temperature dependence of the <'Xtcrplex 
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<'mission for the dimeric model compound systems, the de~rease of 
the peak wavelength with increasing temperature is due to the 
decr-easing dielectric constant of the solvent. 
4- 4-2. Extcr p l cx of PVCz - OMTP System 
As w<~ have seen, both PVCz(c) and PVCz(r) show a broad 
emission at. the same wavelength, around 510 nm. in spite of their-
di ffcrence in the syndiotaetie fraction. By comparing wi t.h the 
case of the dimeric model compound systems as described 
previously, this b r oad emission was ascribed to the parLiaJ ly 
overlapped cxte r plex. whl<'ll is fo r med in t he syndiot.actic dyad. 
Since the- partially-overlapped cxterplcx is formed by a small 
c-onformational change, the cxterplex is easier to form than th<' 
fully-overlapped one. If the equilihrium between two types or 
cxterplexcs is not attained, t he ir fractions a r c determined Hl 
the stage of the formation. Furthermore, since the quantum 
efficiency of the fully-overlapped cxterplcx is small<'r than the 
pa r t i a I I y- o v e r I a p p e d on c , the f o r me r co n t r i b u t i o n to t h f' 
emission spectra is smaller. Presumably this explains why both 
PVCz(r) and PVCz(c) give the partially - overlapped exterpl<'X 
emission irrespective of the syndiotactic fraction. ln this \\3). 
PVCz systems mainly show the partially-overlapped exterplc'x 
emission, though the fully-overlapped cxtcrplcx is stabler 
thermodynamically. With Incr-easing temperature. the fraetion of 
the stable fully-overlapped extcrplex Increases: consequently. 
the peak wavelength of the extcrplcx emission is shifted to 
longer wavelengths. 
As for P(VCz-St) an<l PCzE~1A, the emissi on spectra and the 
quantum efficiency of the cxcipiex <'mission suggest that these 
polymers rorm the same cxciplex with D'lTP as EtCz. That. is. 
th<' cxterplex of PVCz - D:'>'lTP systems is formed by neighbori11g 
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chrC>mophore int<'r<~clion and Lhe interaction is weakened either 
by s<'parat.ing Cz chromophore from the main chain or by 
copolymerization with an inert c:omonomer. 
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CllAPTER 5 
STER!C EFI'J•:CT ON FORMATION OF DIMER RADICAL CATJON 
AND EXTERPLEX -- POLY(3,6-DI-tert-DUTYL-!!-VINYLCARBAZOLE) 
AND ITS DIMERIC MODEL COMPOUNDS 
5- L. Jntroduclion 
Ito et al.l) studied the fluorescent behavior of 
po ly(:3,G-di -tert- butyl - [i-vinylcarbazol e) (PBVCz) and 2,4-bis(3,6-di-
te r t- bu ty 1-[i -ca rbazo ly 1 )pen tanes (BC zPe). the 1 at te r being a 
dimeric model compound of the former. Figu r e 5-l shows the 
molecular structure of 3,6-di-tert-butylcarbazole. A tert- butyl 
group introduced in a carbazole (Cz) ehromophorc is very bulky 
as the f i g u r e i m p 1 i e s (the shaded parts), and i t s s t erie 
hindrance should be very large. In both systems, therefore. the 
neighboring chromophore interaction in an excited stale was 
round to be supprcsscd: 2- 4 ) PBVCz gave only one kind of 
unstable cxcimer whos<> stability was even smaller than the 
second excimcr formed by r-DCzPe. meso Isomer of BCzPe (m-
13CzPe) gave no exC'imcr, while racemic Isomer of BCzPe (r - BCzPe) 
gave some excim<>r. but the cxcimer fraction was smaller t.llan in 
r-DCzPc. 
In this chapt e r, for these compounds having bulky tert -
butyl groups in Cz c hromophore. the transient abs o rption 
spectra of radi c al cations were measured in a polar solvent. 
and the Cluor<>sccnt behavior of the DDA exLcrplcx ~ith D'lTP 
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\HiS investigated in a non-polar sol vent. It will he disc-ussc•cl 
hoY. the steric hindranec effects on the formation of a dimer 
radieal cation and an cxterplcx. 
Figure 5-l. ~1olceular structure o f 3,6-di-tcrt -
butylcarbazole. Shado.cl parts show tert - hutyl groups. 
5 2. Experimental Scetion 
5- 2- 1. Materials 
3.6-Di -tert-buty 1-~-vi nylcarbazolc (UYCz). 3,6-di -tert- bu LY l -
2-Nhylcarbazole (UELCz), BC;,Pe, and UCzPr w0rc synthesized from 
:~.G - di-tcrt-l>utylcarbazole (BCz) in the same way as for the 
corresponding earbazole compounds with no tcrt-but.yl group. 
PBVC z with a molecular weight of ca. 1 xI 06 was obtai ned by a 
cationic polymerization of BVCz. The diastcrcoisomers, r - ancl 
m- BCzPe, wen~ separated by I iquid ch roma\.Ography and were used 
as mode I compounds for synd io tactic and i so tactic dyads, 
7~ 
respec-tivC'Iy, in a PBVCz chain. 
An <' lcctron acceptor, d imethy I terepht.halate (D\lTP, Wako 
Pun! ChC'm. Incl.) was purified several times by reerystall ization. 
J\cctonltrilc (~1eCN. Wako Pure Chern. Ind.) wus tlistilled over 
P2o5 s0vcral t.imes. Tetrahydrofuran (TifF. Dot ile Spectrosol l and 
tollu<'n<' (Dotite Spectrosol) wcrc used without further 
purificnt ion. 
5-2-2. Transient Absorption Measurements 
Transient absorption measurcmo.nts wer0 made by the 
cxcimer Laser photolysis system. /\ :~51-nm laser pulse of X0F 
cxeimcr IHscr was used for excitation. Two kinds of detect ion 
sy~tems w0r0 used; one cqu i pp0d with a phot omu 1 Lip lier tube 
(llamamat<;u, 1~028) as a deLC'ctor and t.hc other equippC'd with a 
photovolt.aic- indium arsenide (lnAs) diode (llamamatsu, P838). 
t\n electron donating chromophorc, BCz. was cxeitcd 
sclC'etivcly by the laser pulse in the presence of an electron 
aec·eptor, ))\1'f'P {0.05 M), and the transient absorption decnys and 
sp0ctra of the rndical ions formed by a photoinduced electron 
tra.nsf0r r0aetion were measured. 
attenuated properly by filters. 
The pulse int0nsity was 
The concentration of UCz 
chromophore ~as so adjusted as to give about a unit absorbanc-e 
at ~~51 nm. TIIF was used as a solvent for the PBVCz system. 
Other .systems were measured In ~eCN. All samples were degassed 
by the !'recze-pump-thaw method in a 1-cm quartz e0ll. 
5-2·-3. Fluorescent Measurements 
ThC' fluorescent properties of PBVCz and its model 
compounds were investigat<'d in a non-polar solvent in the 
Presence' or D~lTP (0.0!) "1). Fluorescent spectra were recorded 
with a llitachi 850 spectrophotofluoromcte r . Fluorcseent decay 
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and time-resolved fluorescent spectra were measured by a s ingl e 
photon count ing method. The photo-excitation of BCz 
ch r omopho r e was made by a 322-nm pulse ( fwhm ca. 75 ps) of a 
Spectra-Physics pi cosecond synchronously pumped, mode-locked, 
cavity-dumped dye l ase r (:'-'lode ls 2020. 342A, 37513, 344S). The 
eonccnt r ation of ncz ch r omophore was so adjusted as to give 
ahou t a unit ahso rbance at 322 nm. The PBVCz system was 
measured in THF. Other systems were measured in toluene. ALL 
samples we r C' degassed by the freeze-pump- thaw method, and the 
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Figure 5-2. Transient absorption spectrum of BEtCz - D:"'lTP 
(0.05"1) system in MeCN at 25 °C at 1 11 s after excitation. 
The absorbance of BEtCz at 351 nm is about unity. 
5-3. l{csu Its and Discussion 
5-3-1. Dimcr l~adlcal Cati on Formation in Polar Solv ent 
Figure 5-2 shows the transient absorption spectrum of the 
BHCz - D'lTP syst<'m in '1cC\ at 25 °C at I JJ.S after cxeitaUon. 
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The absorption hand of the radical cation of BEtCz (BELCz~ 
appears at ca. 795 nm, and that of the radical anion of D'lTP 
(D:'t'lTPl appears at ca. 530 nm. G, 7) ~o absorption was observ<'d in 
the near-infrarf'd region (1000 - 2000 nm). The monom<'r band of 
HEtCz~ is similar in sh ape and in peak wavelength to that of 
the radical catio n of !i-ethylcarbazole (EtCz~). as shown In 
figure 2-1. Therefore, the tert-butyl group is conside r ed to 
have l i t t l e e f fcc t o n the r ad i c a 1 cation i c s t a t e of c z 
chromophorc. 
Figure 5-3 shows the transient absorption spe<'tra o f t he 
dimeric model compound - DMTP systems in MeCN at 25 °c at 1 JJ.S 
aftc:r excitation. Each system gives two absorption bands of the 
radical cation of BCz c hromophore: one, the dimer band, appear s 
in the visibl<' wavelength region, and the other appears around 
2000 nm. The former band Is shifted to shorte r wavelengths and 
is broader than that of BEtCz~ the peak wavelengths a r e 760 nm 
for m-13CzPc (Figure 5-3-A), 750 nm for BCzPr (Figure 5- 3- 8) and 
700 nm fo r r-BCzPC' (Figure 5-3-C). The latter band is a CR band 
of the dimcr radical cation formed intramolecularly. The CH 
band is shi ftcd to shorte r wavelengths, the peak wavelengths 
being >21 00 nm for m-BCzPc (Figure 5-3-A), 2100 nm for l"lCzPr 
(Figure 5-3-13) and 2000 nm for r-nczPe (Figure 5- 3-C}. Each 
dimc~rie mod<' l eompound has no obvious absorption peak of the 
monomer radieal eat.ion (ca. 795 nm), despite the molar extinction 
<:oefricicnt (e) of the monomer radical cation is larger than 
tha11 of the dimC'r radical cation, as wi 11 be dcs<"rih('(t later. 
This suggests that the contribution of the monomer radica I 
eation can l>c neglected. The molar extinction coef'ficicnr ( t--) 
of Lhc dimcr rAdical cation was estimated on the basis of that 
of' D "1 T P : a t 5 3 0 n m ( t: = 12300) 6 ) by assuming that the 
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Vigure 5- 3. Transient absorption spectra of the dimeric 
model compound - 0\ffP (o.osm systems in ;'\'leC\ at 25 °C at 
1 J.1 s after excitation. 
A: m-BCzPc, B: BCzPr, C: r-llC:zPe. 
The absorbance of 13Cz chromophore at 351 nm is about unity. 
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Tab l e 5 - I. Peak wavelengths (),.max) and molar 
extinction coefficients (e) of the visible 1limer 
band and those of the CR hand for the> dimeric 
model compounds. 
.l..maxlnm E. A maxlnm c 
13EtCza 795 10500 
m-ACzPe 760 6400 >2100 3700 
BCzPr 750 4600 2100 3000 
r-BCzPe 700 3900 2000 5400 
a Value for the monomer radical cat ion. 
mlTP~. This assumption is justified since almost all the radical 
cat ions form the oimer radical cation. Table 5-l gives the peak 
wavelength (;,max) and the molar extinction coefficient (e) of 
the visible dimer band and the CH band . 
~ow, these dimer radical cations arc compnred with those 
for the dimeric model compounds having Cz chromophores without 
t.erJ:- butyJ g-roups. The fully-overlappco dirn<'r radieal cation of 
m-OCzPc and the partially-overlapped one of r-OCzPe give the 
CJ< band around !GOO nm and 1800 nm, respectively. As described 
in Appendix, the CR band is more and more shifted to shorter 
waveleng-ths as the intcraetion increases. The CH hands of the 
dimcr radical ealion of BCz ehromophorc arc shifted to longer 
wavelengths than those of the Cz chromophore. This means that 
the interaeLion in the dimer radical cation is weakened due to 
the stcric hindrance imposed by Lcrt-butyl groups. That is, the 
stabi I izat.ion energy is less than 2 kcal/mol (0.1 eV), this figure 
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b0.ing estimated for the second dimer radical cation of r-DCzPe. 
The transient absorption spectra of the visible dimer band 
were measured at 2!'i °C and 72 °c to observe the dissociation of 
the dimer radical calion to the monom0.r radical cation. These 
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Figure 5-4. Temperature dependence of the visible dimcr 
band of BCzPe - D~1TP (0.05;\1) systems in ~1cC:'\ at 1 us aft.c'r 
exei tat ion. 
A: m-11CzPe, n: r-nczre. 
Fi lied and open circles indicate the spectra measured at 
25 °c and 72 °C, respectively. These spectra arc normalized 
by the absorbance or Di"lTP~ at 530 nm. 
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Figures 5-4-A and B <lrc for m-BCzPc and r-BCzPf', respectively. 
The visible dimcr band gave no ohvious change with increasing 
temperature in any system. even though ttw visibl0 dimcr band 
for rn-BCzPe showed a small shift to a JongTr wnn~l0ngth at. 
1'2 °C. Thus, the dimcr radieaJ cation scarcely dissociat0.s into 
the monomer radical cation at 7'2 °C; t.hc stabi 1 ization 0n0rgy of 
the dirncr radieal cation is sufficiently large compared with t.hc 
thcrma I energy. 
The shift of the CR bands suggests that the intC>ract ion 
increases in the order: m-BCzPc~ < BCzPr~ < r-BCzPc~. The 
irwrcase of the interaction is accompanied by the short.er -
\\'HYelength shift. and broadening (a decreasing of t:) or t.h0 
visible dimer band and an increasing intensity, i.e .• an 
in<~r0asing ~ of the CR band. The difference in the interaction 
among the dimcric model compounds is associated to the 
con r i g u r a t.i on a l d i rr c r en c c. In the racemic isomer of the 
pcnt.anc model. TT conformation is a stable one allowing an 
interaction b<:>t.wccn two chromophorcs. Then. r-BCzPe forms the 
rlim<'r radienl cation in the partially-overlapped conformation 
close to the TT eonformation. This is the most stable of the 
three dimeric mod0l compounds. On the other hand. m-BCzPc 
eannot rorm t IH' dimcr radieal cation in t.he TT eon formation 
(fully-overlapped conformal ion) bccaus(' or the sterie hindran<'e 
or j.crt-butyl groups in BCz chromophore. PrC'sumab Jy m-11Czl'c 
also f'orms the partially-overlapped dimcr radical cation. In 
ord<'r for m-BCzP<' to l'orm the partially-overlapped dimer 
radi·cal cnt.ion, it must take a distorted conformation and h<'IH'C 
this dimcr radical cution is unstable as compared with Lhat of 
r- HCzPc. Thus, all dimcric model <'<>mpounds form the dim<'r 
rndioe:al cation assuming a partial ly-oYC'rlapp0d c-onformation. and 














Wavelength I nm 
2000 
Figure 5- 5. Transknt absorption speet.rum of PI3VCz - 1)\l'f'l' 
<0 .05'1) sys t em in TIIF at 25 °c at 1 J1 s after exci t.ation. 
The absorbance of BCz chromophore is about unity. 
sm a I 1 chang c in the dime r s t r u ct. u r e indue e d by t h c 
configurational difference. 
Figure 5-5 shows the transient. absorption spectrum or the 
PBVCz - DI\1TP system in THF at 25 °C at 1 ps after excitatio n. 
The absorbance of the spectrum was very sma II compared \\ i th 
t hat of the monomeric and the dimeric model compounds. This is 
partly due to the low quantum efficiency of ionization in TIIF 
which has n relatively low dieleet.ric constant and partly due 
Lo S-S annihi lalion along the polymer chain. The radical cation 
formed in PBVCz was round to have two absorption bands; one is 
a very broad band around 700 nm and the other is the Cl< band 
around :woo nm. This spectrum is simi tar t.o that of t.he r - BCzPe 
- f)\1TP system. This indicates that PBVCz forms the partially-
ove rlapped dimcr radieal cation in the syndiotaetic dyad, whieh 
corresponds to the racemic isomer of the pentane modeL The 
8G 
si tua t. ion is vc ry different from that of PVCz. The rad iea I 
cation formed in PVCz is considered to interact with more than 
two neighboring ehromophores and to be stabler than the dimc r 
radical cation. By the inlroduetion of tcrt-but.yl groups t o 
l3Cz chromophore, the interaction of more than two c hromophores 


















Wavelength I nm 
Figure 5 - 6. Emission spectrum or BEtC:-: - D'lTP (0.05 m in 
to luene at. 25 ° C. The absorbanee or BEtCz at ;322 nm is about. 
unity. 
5-3-2. Exterplex Formation in Non-po lar Solvent 
Figure 5-G shows the emission spectrum or Ht-:t.Cz - D'lTP 
system in to.lu('nc. The exciplex emission was observed at ca. 
495 nm as well as the monomer emission having a vibrational 
structure. This exciplex emission was somewhat shifted to 
long:er wavelengths than that of EtCz - D~1TP system at ea. 480 run 





















Figure 5-7. Fmission spectra of the dimeric model eompound 
- D~ITP (0.05'1) systems in toluene at 25 °C. 
/\: m-BCzPc, 13: BCzPr. C: r-BCzPe. 
The absorbance of BC~ chromophore at :.!22 nm is about unity. 
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1ill:l-butyl substitution. On the other hand. the dime ric mode I 
compounds show. as well as the monomer and/or the cxcimer 
emissions, a hroad emission at the wavelength (ca. :i40 nm) longer 
than t.he exciplex emission (Figure 5-7). This hroad emission 
band was ascrihe<i to the DIM extcrplcx which consists of two 
BCz chromophorcs and D!"''TP. Bc0ns and Weller~q ('Stimatcd the 
stabilization energy (~G) of the chargc-dclocalization by 
nci,:!;hboring chromophorc interaction using t.hc following 
equation. 
(5-1 ) 
whcr·c v' and mn:x v ~ax arc the peak wavcnumbers of Ot\ 0Xcipl0X 
emission nnd DDA exterplex emission, respectively . f-or a l J 
dim(~ric model compounds having UCz chromophores. the 
st.abi I ization hy the chargc-de1ocalization was estimated to be 
0n. 0.21 eV. This is comparable to the stabilization energy 
!0.25 cV) of the partially-overlapped cxtcrplcx for r -DCzPe; t.hat 
or the fully-overlapped cxterplex for m-DCzPc was <'Stimatcd to 
he <'ll. 0.42 eV. By the stcric hindrance of tcrt-butyl g-roups. all 
BCz dimcrie model compounds do not form th~ fully-overlapped 
cxtc-rplcx but. form the partially-overlapped one. which is not 
so stal>lc as thE> partially-overlapped exterplex of r-DCzPe. It 
is noteworthy that m-BCzPe and BCzPr form the partially-
over·Jappcd cxterplex, though they form no e.xcimcr. 
By introdueing tert-butyl groups. the formation schcm(~ of 
ext.crplcx becomes very simple, espeeially in the cas0 of m-
BCzPc and BCzPr. Sehemc 5-l shows the formation process of 
extc·rplcx for the m-BCzPc and BCzPr systems. Since they do 
not form any cxcimer. only th0 qu<'nehing of the monomer 






Exciplex -----~ Exterplex 
(El) (E2) 
lk2 lk3 
Sehemc 5-I. Fxtcrpl<'x formation scheme for m- OCzl'e and 
BCzl'r syst0ms. 
exeit<'d stat.c is quenched by omr with the rnte constant, k<l. 
and forms the exciplcx. The exciplex chang0s its <'onformat.ion 
and Corms the exterplex by neighboring chromophore interaction 
. 
wi t.h thC' rat.<' constant, k 2. In this scheme, k 1• k 2 and k3 arr 
the rate c·onstanls of the deactivation proc<'sses v.hi <"h <'ontain 
the f1 uor<'~ccnt and radiation less transi lions. The ctisso<'iation 
of the e>X<'ipi('X and the exterpi<'X to the monom0r excit<'<l srat<' 
is ncgl('('l<'d. The exciplex formation by (]ucnehing of tt1e 
monom0r ('X<'it<'d state and the following ext<'rp l ex format ion 
were confirm<'d by the time-resolved emission spect r a for til<' m-
BCzP<' s~'<;t<'m as shown in Figure !5-8. The solid lin<' indiC'HtC's 
the <'mission spectrum in the time range from 1. 7 ns to :1.:~ n<,. 
·\long with thC' monomer emission. a broad emission was observrd 
in t.hc longer wavelength region. To invcstl~taL<' what t.hh 
broad band is assigned to. the monomer emission was subtracted 
from this sp<'ctrum by using the emission spectrum at l =O as the 
monomC'r <'mission band. As shown by the broken I ine. thC' 
suhtraet ect SP<'CLrum g-ives a broad emission band around 300 nm. 
This corresponds to the exeiplex emission for the OELCz - D'lTP 
c;;yst <'m. In th<' time range from :30 ns to 40 ns. th<' extcrpl ex 
emission \~as obs<' rvcd around 540 nm as shown in the clash - dottC'd 
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Figure 5-8. Time- resolved emission spectra of m- 13C7.Pc -
ll'Tl'P (0.05 'll system in toluene at 25 °c observed at 500 nm (a) 
and G40 nm (b). 
ThC' solid and dash-dotted I ines show the emission spectra in 
the t imc rang<' from I. 7 ns to 3.3 ns and from 30 ns to 40 ns. 
respectively. The broken J inc indicates the subtru<'tC'd 
spectrum in the time range from 1. 7 ns to 3.3 ns aft<'r 
subtracting the monomC'r emission. 
form<'cl in th<' carl icr stage, and subsequently, the extcrpl<'x is 
formed. Th<' tim0 dependence of the emission spcctrum for the 
BCzPr system was 0sscntial ly t.hc samP as that for m-OCzPc. 
Aeeording- to this scheme, the rise and decHy functions of 
the monomer excited state (M*). the exciplcx (EI*). and the 




[E2*l a: r 1exp( -tlr ..,l- T2cxp(-tlrEJ) 
+ (T2-r1 Jexp(-tlrE2 l (5-4} 
- 1 - 1 - 1 -1 - 1) -1 ( r '1 - r E2 ) • T 2 '" ( r El - r E2 
wh e r e r "l' r Fl' and r £ 2 arc the lifetimes or th e monome r 
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(a) (b) 
Figure 5- 9. Rise and decay curves of Cluoresecnce for m-
BCzPe - DI\1TP (0.05 M) system in toluene at ~5 °C. 
The sol id line indicates the simulation line by the threE'-
exponcnlial function. 
Figu r es 5-~J-(a) and (b) show the decay curves observed at. 500 nm 
and at G40 nm, respectively. As a main component, lhe former 
decay eun'(' contains the exciplex emission. and the latter, the 
<'XtcrplC'x 0mis~ion. These decay curves were simulated by the 
three-exponential function as the sum or the exciplcx (eq. 5-3) 
and the ext.corplex emission (eq. 5-4). The solid line shows a 
simulation I inc. The best- fit three exponential functi ons arC' as 
fo\lo'I'-S. 
-0.848cxp{-tl0.96} +0.881cxp{-tl6 .57) 
+0.229cxp( -tl40.99 ) 




Sin<'e the lifetime, r~1 • of the monomer excited state is nearly 
in the limit of measurability in this tlmc range, the 
exp<~rimentnl e rror is large. Therefore. r:'rl was determine'<! by 
mcm1•:; of the dc>eay c urve at 3G5 nm, where the contribution of 
!hC' c·.:ciplex and the exterp lex emissions ean be neglected. 
Thus, a r :'>\ value or ca. 1.8 ns was obtai ned. Then, r ;ott· r El, and 
--: I· . .:t w c r c e v a 1 u a t c d to b c I . 8 n s , 6 . G n s , an d 4 I • 0 n s , 
rco<>p<~eti ve ly. 
for the ACzPr system. each lifetime was determined in the 
,:;;trn(' wa::-. The I i ret imc r .' 1 was determined to be 1.8 ns by the 
dccuy cu1·ve at .Hl5 nm. Fig-ures 5-10-(a) and (b) sho'l'- th<' dN:ay 
Cllrves at :500 r1m and at G40 nm for the BCzPr system, rC'spcct.ivcoJy. 
The';(' dcC'ay cun·cs were simuJated by the three-exponential 
lu11dim, and the follo\\ing functions were obtained. 






For the BCzJ>r system. r '\l• r U. and r EZ \\ere found to bC' 1.8 ns, 
9.2 ns. and 30.1 ns. respective Iy. 
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( a ) ( b) 
Figure 5- 10. Hisc and decay curves of fluorescf'nC<' for fW rPr 
- 0\lTP (0.05 \1) system in toluene at 25 °C ohs0 r v0Cl at 500 11m 
\a) and G40 nm (b). 
rhe so l i d lin(' indi c at es th e simlll<ll i on li ne by t. hr. t ll r«>-
f'X poncnt in t function. 
On the other hand, this scheme cannot be appl i<'d to r -
BCzP0 syst0m. since r - HCzPe forms the excimcr. The rc ro r<' . 
Sd1cm(' 5- 11 was assumed. In this scheme, the equilibrium bct wc('Tl 
the monomer excited state and the excimer is taken into account 
and is assumed to be reached much more rapid Jy t.llnn t h0 othc•r 
proeesses. 1) Since the quenchings of both the monomer cxcitC'd 
stat<' and t.hC' C'X<'imer by Di"lTP arc considered to be diffusi(m-
con t ro I I cd, D) th c q ueneh i ng rate eons tan t.s (kq l for bot.h 
proC'eSsC's arc assumed to be equal. The constant, k 1. k 2. k:-~ 
and k 4 arc th0 rate constants of deactivation processes of 0ach 
ex<"ited state. ln this case. the cxterplex is formed in two 
proc0sscs; one is via the excimer and the other is via the 
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Figure 5- 11. Time- r esolved emission spectra of r - BCzPc - D"l'I'P 
(0.05 :vt) syst.<'m in t oluenc at 25 °c. 
The solid and the dash-dot ted I ines show the e mission 
spectra in LhC' Lim<' range f'rom 1.7 ns to 3.3 ns and from 30 ns 
t o 40 ns. respectively. The broken line indicates the 
subtraeted spectrum in the time range from 1. 7 ns to 3.3 n~ 
after subtraning the monomer and excimcr emissions. 
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confirmed by the lime-resolved emission spectra. as shown in 
Figure 5-11. The solid curve gives the emission spectrum in the 
tim~ range from 1.7 ns to 3.3 ns. /\long with the monomer and the 
excimer emissions. a broad emission band was observed in the 
longer wavelength region. The monomer and the excimer 
emissions were subtracted by using the emission spectrum at t=O. 
The subtracted spectrum is shown by the broken line. l t is a 
broad emission around 540 nm, which was ascribed to the 
exterplex emission. This suggests that. the exterplcx is formed 
in the earlier stage In contrast to the cases of the m-BCzPc 
and BCzPr systems. In the later stage from 30 ns to 40 ns (the 
dash-dotted line), the relative intensity in the shorter 
wavelength region is decreased and that in the longer 
wavelength region is increased as compared with the subtracted 
spectrum in the time range from 1.7 ns to 3.3 ns. This indicates a 
slow extcrplcx formation process via the exciplex. 
This extcrplex formation scheme leads to the following 
rise and decay functions of the monomer excited state. the 
excimer, the exciplex, and the exterplcx. 
(5-9) 
(5 - 10) 
[E2*1 o: (k;r3 - K- 1)T1exp(-t/rJI'I) - k;r2r 3exp(-t/rE1) 
+ lk;T3 (T2-T1)+K- 1T1Jexp(-t/rE2 ) (5 - 11) 
T (r'l - 1 -1)-1 Tz -1 -1)-1 = 
- r E2 ' = ( r El - r E2 . • 1 
T 3 = 
( - 1 - 1) - 1 
r'1 -rEt , K = kelk_e 
where K is the equilibrium constant between the monomer excited 
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Figure 5- 12. Hi sc and decay curves of fluorescence for r -
IWzP<~ - ll'ITP (0.05 ~1) system in toluene at 2;) °C obs<•rvcd at 
~;oo nm (a) and G40 nm (h). 
The solid line indicates the simulat i on line by th<' three-
exponential function. 
thrce exponenlia I f'un c t ion using their I ifetimcs ( r M· r El, and 
r E2). Figures 5- 12 (a) and (b) show the decay curves observed 
at ;"iOO nm and at G40 nm. respectively . By simulating the deca) 
eurV<' using the three- exponential function, t.he following decay 
functions wcre oblnlncd. 
1G40(t) 
-0.91~exp( - t/0.60)•0.590exp(-t/3.76) 
+0.670cxp(-t/46.94) 
- 0.963exp( - t / 1.55)-0.07Gexp(-t/3.76) 
+1.146exp(-t/4G.94) 
(5- 12) 
(5 - 13) 
The lifetime, rr.1 was determined to be 1.7 ns by analyzing the 
decay curve at 365 nm. In this way, 'M· 'EI• and rE2 for r -
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Table 5- 11. Lifetimes of the monomer excited s tate (rM). the 
rxciplc"< ( r El), and the exterplcx ( r E2 ), quenching rat.e 
constants ( kq). and ex tcrplex-format ion rate constants ( k 2 ) 
fo r t h<• d i mPr i c model compound sys terns. 




13EtCz 1.8 59.3 9.8 
m-BCzPe 1.8 6.6 41.0 9.5 1.4 
BCzPr 1.8 9.2 30.1 9.5 0. !)2 
r-RCzPc 1.7 3.8 46.9 10.1 2.5 
BC z P c w 0 r e c s t i m a t e d to be 1 . 7 n s . 3 . 8 n s . a n d 4 G . 9 n s . 
respectively. 
The rate constant (kq) of quenching by Dl\lTP and the r,lte 
. 
constant (kz of th<' exterplex f o rmation from th<' c>xcipl<'x W<'r<' 
ealculated by using the lifetimes acco rdin g to each formati on 
schemc>. The results are listed in Table 5-[1 together \\it.h thc> 
lifctim<' data. The quenching rate constant is ca. lxtol 0 M-ls- 1 
for all systems. The quenching process is an exothermic: 
reaetion enough to be diffusion-controlled. The rat<' constant<; 
. 
k 2 decrease> in the o rder; r -BCzPc > m-BCzPc > HCzPr. This is 
due to the difference between the ground state conform<lt ion 
and th<' <'Xt<'rplex one. r-BCzPe is considered to form t ll<' 
exterplex with the least eonformation<ll <'hange or lh<' thrC'<'. 
The <'Xt<'rplex for r -BCzPc has the longest I i fct ime of the 
th rcc. This suggests that r-BCzPe forms the most stable 
exterplcx. These BCz dimcrie model compounds do not form t.l10 
f"u lly-o\ crlapped cxterplex. Thus, r-BCzPe was found to have 
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Figure 5- 13. Emission sp0ctrum of J>BVCz - 1)\JTP (0.05 ~I) in TifF 
.'.ll 25 °C. Th<' absorbance of PBVCz at 322 nm is about unily. 
Figurc> 5-lJ shows the emission spect r um of th<" J>B\'Cz 
0'1TP system in toluene. .\s well as the monomc r and the 
cxcim<'r emissions, a broad emission in the longer wav elcngt h 
region was obs<'rvcd around 540 nm. This broad hand is simi Jar 
to UH' e x t c r p l c x <' m I s s i o n f o r t h e d i m c r i c m o d <' 1 c o m p o u n cl 
sysl<'ms d0scribed pr<'vious l y. PBVCz is also considel"(~d to form 
the part ially-o \·er lapped <'Xterplex. 
5-4. Conclusion 
The dimeric model compounds having BCz ehromophorcs form 
a pnrlially-overlappcd dim<'r radical cation in a polar solvent 
and a partially-o\ert apped exterplex in a non-polar so!Ycnt. 
Due to the stcric hindrance of tcrt-butyl groups, the involved 
in te raelions some'\\ hat ar<' weakened (~ompa red with those invo I V<'d 
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in the dim<'r r ad i cal cation and the cxtcrplc x or Cz 
ch romophorc. Among the dimeric model compounds, r - BCzPc wns 
found to form the most. stable dimcr radical cation and 
extcrplcx. Thi~ suggests that r-BCzPc has the most favorah I c 
configuration for forming the partially-overlapped dimcr radi<'al 
cation and extc r plex . The fo rmation of the dimcr radical cation 
and thE- cxtcrplex was observed even in m-RCzPe and BCzPr 
wh i <' h r or m no c x c i mer. This means two t hings: the 
confo rmati onal r cqui rement for the stabilization by the charge-
de loca lizati o n l eading to the formation of the cllmcr radical 
cation and the extcrplcx is not so strict as in the case of the 
excimcr, And the stabilization energy by the c h arge-
d<'localization is larger than that of the cxcim<'r. ,\ s for thC' 
radical cation formed in PBVCz. the interaction among more than 
t wo <'hromophorcs is hindered hy the steric effect in contrast 
to the eas<' of P\'Cz. and the formation of the same partially-
ove rl apped dimcr radi ca l cation as in r-BCzPe system ~as 
observed. 
Refercnecs 
l) S. Ito, K. Takami and !\1. Yamamoto, '1akromol. Chern., l~apid 
Commun. 1 ~8~. 10. 79. 
2) A. Itaya, K. Okamoto and S. Kusahayash i, !l!.!.l.l.:. Chern. Soc. J pn. 
1~76. 4!l, 2082. 
3) (a) F. C. De Schryver, .J . Vandcndricsse hc, S. Toppct, K. 
Demeyer and \. Bocns, Naeromolccules 1982, 15, 40G. (b) ,I. 
\andcnd ri essche, P. Palmans, S. Toppct, N. Boens, F. C. De 
Schryver and II. i"lasuhara, J.:. Am. Chem. Soe. H)84, lOG, 8057. 
4) F. FYC'rs, K. Kobs. R. \<lemming and D. R. TerrelL. ~ Am. Chern. 
Soc. 1983, t 05, 5988. 
100 
5) N .. P. Buu- Jioi and P. Cagn iant, Bcr. 1944, 77, 121. 
G) A. Tsuehida, :'<1. Yamamoto and Y. Nishijima. 4..:_ Phys. 
1984, 88, 50G2. 
7) t;, Lachish, H. W. Anderson and D. J. Williams. '1aeromoiN·ul<'s 
1980, 13, 1143. 
8) II. Beens and A. Welle r, Chern. Ph,ys. Lett. 1968 . .f, 140. 




STABILITY 01<' HADICAL IONS OF VARIOUS CJIROMOPIIORES 
CIIAPTEI~ G 
STIWCTUHE AND STAfHUTY 
OF NAJ>IITHALENE DIMEH RADICAL CATIONS 
6-1. Introduction 
:\ number of studies have heen made on th<' dim('r radi<'al 
cations of naphthalene and its derivatives.l-IO) J.ewis and 
Singcrl) detected an intermolecular dimcr radieal cation uf 
napltt.halcnc by ESH. Uadger ct al. 3) observed its charge-
resonance (CH) band at 77 K by warmin{!' a r -ray irradiat.0d g-lass.'· 
rna t r i x . By t h e o r e t i c a 1 co n s i d c r a t i on • n a d g c r .ot n d 
13rocl<lehurst4 ) suggested the structure of the naphtha!en<' 
int0rmoiN:ular dimPr radieal cation to be "distorted". lrie <'t 
al._D) who r<:'ccntly earried out pulse radiolysis experiments. 
proposed two possible structures for the dimer radieal <·ation 
of' J.a-di(2-nuphthyl}propanc (22DNP): a f'ully-ovcrlapped and a 
part ially-ovcrlapped eont'ormat.ionsY) 
I n t h i s c h a p t c r , t r a n s i c n t a b s o r p t i o n b a n d s o f t h <' 
napht.hal0.ne dimer radical cations were measured by laser 
photo I ysis for 22D~P. 1-( 1-naph thy l)-3- (2-naph thy l)propane (12D\Pl 
and 1.~~-di(l-naphthyl)propane (IID~P). and th0. stabilities of these 
climcr rani<:al <'ations were diseussed in relation to t.hcir 
conformations or the degree of overlapping or the naphthyl 
groups. Faeh dimeric model compound with two naphthyl group~. 
which arc unsymmetrical about the bond axis with the methyl<'ll<' 
chain. can take two sandwich conformalions. as shown in Figure 
f)-1. Both 220\P and llD:\P can take a partially-overlapped and 
a fully-overlapped conformations, while 12D~J> can take two 
conformations of partially-overlapped type only. Thus, it was 
possible to photochemically characterize the partially-
over lapped and fully-over 1 apped conformations by using th0 
transi~nt absorption bands for 12D\P as reference. II ere. the 
naphthalene radical cations formed in polymers of poly(! -





(c) 11 DNP 
Figure 6-1. Overlapped con formations of dinaphthy J pro panes: 
(a) I 2D.\P; (b) 22D\P; (c) llDNP. 
104 
Yinylnaphthalene) (PJVI'f) and poly(2- vinylnaphthalcne} (P2V:\) we re 
studied as compared with the dimer radieal cations. 
G- 2. Experimental Section 
G- 2-1. Materials 
Naphthalene (;\p, Wako Pure Chern. Ind.) was purified by 
rec1:ystallizing it from ether three times. 1-EthylnaphthalenR 
(l-EN. Tokyo Kas(~ i Kogyo Co.} and 2-e thy 1 naphthalene (2- Di, 
Tokyo Kasel Kogyo Co.} were purified by distil I at ion under 
reduced pressure. llDNP, 22DNP and 12D~P were synthesized 
aceording to the procedure of Chandross and Dempster, 11) and 
purified by silica-gel column chromatography and 
rec t·ystallization. PI VN was prepared by radical polymerization 
of 1 -viny !naphthalene ini Liated by a, a ·-azobisisobutyronitri le in 
benzene. P2VN was prepared by anionic polymerization of 2-
vinylnaphthalene initiated by n-butyllithium in tetrahydrofuran. 
These polymers were purified by three-fold precipitation, and 
the molecular weight was determined to be 4xto3 for PlVN and 
nx I 03 for P2V\ by GPC (To yo Soda HLC 802UH) with a GMH and a 
G400011 columns. 1-Vinylnaphthalene and 2-vinylnaphthalene were 
synthesized from 1-bromonaphthalcne (Wako Pure Chern. Ind.) and 
2-acetonaphthone (Wako Pure Chern. Ind.), respectively. 
An electron acceptor, 1,2-dicyanobenzene (o-DCNB, Wako 
Pure Chern. Ind.} was purified by three-fold recrystallization. 
Triethylamine (TEA. Wako Pure Chern. Ind.) was purified by 
distillation. TEA was used as a radical cation acceptor ln the 
radical cation transfer experiments. 
Acetonitrile (:vleCN. Wako Pure Chern. lnd.) was purified by 
rcnuxing over P2o5 and subsequent. distillation. Spectroscopic 
grade of ~.!i-dimcthylformamide (DMF. DoUte Spectrosol) was used 
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without further purification. 
6-2-2. Measurements 
Transient absorption was measured on an excimer laser 
photolysis system equipped with a XcCl cxcimer Jaser (:lOH nm). 
Two detection systems were used; one was a photomultiplier 
system for measurements in the visible region, and the other was 
a photovoltaic indium arsenide (lnAs) diode system for 
measurements in the visible and ncar-infrared regions. Th(' 
concentration of naphthyl chromophore was adjusted so that the 
absorbance became ea. unity at 308 nm. An electron acceptor. o-
DC.\B (l.OxJo-I ~1) was added to the sample. and the solution was 
degassed by the freeze-pump- thaw method. 0'1F was used as a 
solvent for polymer systems, and i\lcCN was used for other 
systems. The measurements were made in a l-cm quartl, cell at 
298 K. For the radical cation transfer experiments, TEA wns 
added to the above system as a radical cation acceptor. 
The absorption spectra were obtained with a UV-200S 
spectrophotometer (Shimadzu). 
6-3. Results and Discussion 
Figure G-2-(a) shows the transient absorption spectrum for 
the Np - o-DCNB system at 900 ns after exci Lation. Np forms a 
llimer radical cation intermolccularly, which is in equilibrium 
with the monomer radical cation. In the spectrum, a visible 
dimC'r band at ca. 570 nm and a CH band at cu. 1100 nm were 
observed along with the monomer bands at ca. 620 nm and ca. 
G80 nm. The absorption below 450 nm is due to the triplet state 
of Np. The CH band at ca. 1100 nm corresponds to the one at 
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Figure 6-2. Transient absorption spectra of radkal eatiom; 
with o-DC\13 (0.1'1) at 900 ns after excitation in ~IcC\ at :!!JS K: 
(al "P (5.!Jxlo-3m: (bl J2Di\P (J.Oxlo-3:--n. 
irradiated glassy matrix. The difference in the cxperimC'ntal 
conditions has caused the small shift. of the peak. Tllis means 
that by warming t.he glassy matrix. ;\p is allowed to dirfus<' 
enough to form a stable dimcr rRdical ealion as in solution. :\ 
comp<lrison with t.hc transient absorption spectrum for 12D\Jl <ts 
will be described later suggests that this intC'rmolccular dim<~r 
radieal eation has a partially-overlapped struet.ur<' (a partially-
i07 
ov0r 1 apped d i mer radical cation). This is eonsist.0n t with t.h<' 
structure proposed by Oadg0r and Brocklehurst.4) 
Figure G-2-(b) shows the transiC'nt absorption spectrum of 
t.lte dimer radical cation of 120\P at 900 ns after excitation. 
There was no absorption band of the monomer radieal cation, but 
only the dimer radical cation was observed. The dim<'r radical 
calion is formed intramolecularly. Two dimcr hands were 
observed; one is a visible dimer band at ca. 5\:>0 nm, and the 
other is a CH band at ca. 1050 nm. These bands correspond to 
th<' dimer bands at 570 nm and 1100 nm for the intermolecu I ar 
dimC'r rudical cation of Np. The HIS model (Figure G-1 - (u)) 
suggests that 12Df'P can take only the partially-overlapped 
con formation but not the fully-overlapped one. Therefor<'. 
these bands were assigned to the intramolecular partially-
overlapped dimcr radical cation. This suggests that ~P whi('h 
shows the same transient absorption spectrum as I2D\P also 
ro rms a partially-overlapped dimer radieal eat ion 
intermolecularly. 
Figure 6-3-(a) shows the transient absorption spectrum ror 
the 2-E!'\ - o-DC.'iB system at 900 ns after exci tat. ion. A should<'r 
around 570 nm, which was observed along vd th monomer bands at 
en. G20 nm and at ca. G80 nm. was as~ribed to the partially-
overlapped dimcr radical cation formed intcrmoleeular1y. This 
is confirmed by the fact that 2-F.~ gives the same CR band nt 
<·a. 1100 nm as l\p. There was little effect. of the 2-posit.ion 
substituent on transient absorption bands. 
Figure G-3-{b) shows the transient absorption spectrum of 
the dimer radical cation of 22D);P at UOO ns af'ter excitation. 
Two visible dimcr bands (ca. 580 nm and c<L GGO nm) app<-~ar. The 
former is aseribed to the intramolecular partially-overlHppC'd 
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Figure 6 3. Transient absorption spectra of radical cat ions 
with o-DC'm (0.1'1) at noons after excitation in 'IcC\ at ~~m K: 
(a) 2-E\ (2.0xlo-:l'1); (b> ~2D\P (B.:~xl0-41"'1). 
overlapped and f'ully-overlapped conformations. At present., it 
is considcr<'rl that t.hc latter is due to t.hc dimer radical cation 
having a fully-overlapped conformation. That is, 2.2DNP forms 
both partia l.ly-over lapped and fully-over lapped dimer radical 
cations. The superposed CH hand of these dimer radical cations 
was observed at ea. 1250 nm. In the ground state. 22D~P takes 
the op<~n form in which t.wo naphthyl gronps is far apart from 
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each other owing to a steric repulsion. If a naphthyl group is 
photoexcitcd. a naphthalene radical cation is formed by an 
<>IC'ct.ron transfer to o - DC:'IB. Though the formation of the 
intramolccu tar excimcr is generally a competitive process. the 
electron-transfer quenching is a main process at this high 
concentration condition ([o-DCN13]=1.0x10-2 M).lG) The naphthalene 
rad i ca I cat. ion with the open form. thus produced in 2::!0~ P. 
interacts with the neighboring chromophore and forms the dimer 
radical cation. Here, there are two kinds of dimcr radical 
ca t i o n s de p e n d i n g o n t h e d i r e c t i on o f n a p h t h y I g r o u P s 
approaching each other. 
Transient absorption spectra of the radical calion of 
2:2D\P were measured at ::!5 °c and 72 °C at 500 ns after excitation. 
These spectra were almost the same. and no dissocialion of th0 
dimer radi(:al cation to the monomer radical cation was obscr\'<'d. 
This means that the stabilization energy of the dimcr radical 
calion is suff!ciently large compared with the thermal energy at 
7'2 °c (kT = ca. 0.3 eV). Though the partially-over lapped dimcr 
radical cation is expected to be much more stabilized thnn th0 
fully-overlapped one as will be described below. 22D\P forms 
both types of dimcr radical cations. The reason may be as 
!'0llows: the conformational change of the dimer radical cation 
(the partially-overlapped versus fully -overlapped ones) may pass 
through the monomer radical cation state, but the dimer radieal 
cat.ion scarcely dissociates to the monomer radical cation at 
25 °C owing to the sufficient stabilization energy. Then, th<> 
thermodynamic cqui I ihrium between the t..wo conformations is not 
achieved. and the fraction of these d i mer rad ica I cation is 
dCLcrmincd by the direction of naphthyl groups at the stage of 
ini t.ia I formation. 
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Figure G-4-(a) shows the transient absorption spcetrum for 
the l-EN - o - DC\B system at 900 ns after excitation. The 
mo11omcr bands were 0bservcd at ca. G50 nm and ca. 700 nm. whieh 
arc~ shifted to longer wavelengths than those of \p ancl ::!-E\. 
This is considered to be due to a !-substituted effect. \o 
observable visible dimcr band is detectable. while a CH hand i.s 













Figure G-4. Transient absorption spcct ru of radica I cat ions 
with o-DCr\13 {0.1!'-1) at 900 ns after excitation in ,\lcC!\ at 298 K: 
(a) 1-E~ (l.Gxl0-3M); (b) llDNP (8.4xl0-4M). 
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longer wavelengths than those of the partially-overlapped dim<:>r 
radi<:al cations of 1\p anci 2-EN. Because 1-E:'\ shows the 
substitution effect. and the int<:>rmolecular dimer radical cations 
or · ~P and 2-EN arc of partially-overlapped type, it is deduced 
that t-EN may also form a partially-overlapped dimer radical 
cation intermolecularly. 
Figure 6-4-(b} shows the transient absorption spectrum of 
the dimer radical cation of l!D~P at 900 ns after excitation. On 
the analogy of other dime ric mode I compounds. it is consider<><! 
that llDNP preferentially forms an intramolecular dimcr rndi<:al 
ealion. A visible dimer band and a Cl~ band uppear at ca. 720 11111 
and ea. 1350 nm. respectively. These bands are shifted to long-0r 
wavelengths than those for 220NP. due to the substitllt ion 
effect. The CR band is a I so shifted to longer wavelengths t.han 
those of the intermolecu tar partially-overlapped dimer radical 
cation of 1-E~. Like 220~P. llDNP aJso forms a partially -
overlapped and a fully-overlapped dimer radical cation. 
The peak wavelength (A CR) of the CR band and th(' 
stabilization energy (DII) estimated from half of the hand gap 
are summarized in Table 6-1. The monomeric model compounds 
(~p. 1-E\, 2-EN) and 12Dt\P form the partially-overlapped dinwr 
radical cation. The CH band of the partially-overlnpped dim0r 
radieal cation except l-EN appears at 1050 - 1100 nm with 
estimated stabilization energy of 0.56 - 0.5~) eV. In .contrast. 
22D:\P and llD\P give a CR band shifted to longer wavelengths. 
The ohserved CR band is a superposition of the Cl{ bands or ttw 
pnrti a l1y-ovcr lapped and fully-over lapped dimer radical cat ions. 
Therefore, the fu lly-ovcr lapped dimer radical cation should have 
its CH band at a wavelength longer than 1250 nm, and its 
stabilization energy {LI.II} should he less than 0.50 eV. This me-ans 
that. the partially-overlapped dimer radical cation is stabl<'r 
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Table ()-1. Peak wavclcn~th ( .A.n~l of CR 
band tlnd st<tbilizat.ion energy (LI.II) 
cs ti rna ted hy ha I f of thf' band gap. 
AcR/nm Ll.ll/cV 
~p 11 ()() 0.56 
2-F.N 1100 0. ;}() 
l-EN 1200 0.52 
l20NP 1050 0.59 
22DNP 1250 0.50 
11 ))~ p I:l50 0.46 
than t.he fully-over l appcd one. 
To obtain direct informat.iou on the stability or the climer 
ra<lieal cation. the rate constant of radical calion transfer to 
TE.·'\ was measured. Figure G-5 shows the results. The measun'd 
transiP.nt absorption decay of the dimer radical r.ation in the 
visible dimer band is shown by the dotted line. Figure G-5-(a). 
(b). and (c) show the absorbances for 12D~P (590 nm). 22D\I' 
(GGO nm), and .ll D~P (720 nm}. respectively. For 22DNP and llD\P, 
the eontribution or the partially-overlapped dimcr radical calion 
is neg I igible at the measured wavelengths, the absorption being 
Pn'dominatcd by the f'u lly-ovcrlapped dimer radical eation. In the 
abs0nce of TEA, the dimer radic:al calion decays by recombination 
with t.hc radicnl anion. o-DCNU~. giving a slower deeay curve 
(eurvc 1). The r<~combination with o-DC~O~ is exothermic 0nough 
to allow us to assume it to be a diffusion-controlled process. so 
t.hc~ rate constant of recombination was assumed to be the 
dirrusion-controllcd value, J.7xlo 10 M-ls- 1. When the radical 

































Figu rc 6-5. Transicn t abso rp lion decay of d i mer rad i ca I 
cation without TEA (curve 1) and wiLh TEA (curve 2): (a) the 
decay curve at 590 nm for 12DNP (l.Oxl0- 3M): (b) the decay 
curve at 660 nm ror 22DNP (8.3xl0-4M); (c) the decay curve at 
720 nm for 11 ONP (8.4x J o-3~). 
As for the coneentralion of TEA, sec Tab lc 6-IJ. The so lid 
I ine indicates Lhe simulation line for the radieaJ cation 
transfer. 
Table 6-11. ~lolar extinction coefficient (e.) at th<! m('asurl'd 
wavelength( ).) and rate constant { k t. r) of the radical cation 
transfer to TEA. 
ITEA]/10-3M /,/nm ktr/109~-ls- 1 
12D~P 6.0 590 2000 1.8 
22DNP 1.1 GGO 1950 3.5 
11 D~P 6.0 720 1750 2.9 
cation was accelerated by the radical cation transf(!r toTE:\, as 
shown by curve 2. These decay cu rves were simulated by using eq. 
4 -· G i n ;\ p p c n d i x , and t h e r a t e con s t an t { k t r ) of t h c r ad i c a l 
c<ttion transfer and the molar extinction coefficient ( t) at t.hi!-i 
wavelength were determined. Curve I was simulaLcd as [D2 J=O. 
Despite a sufficient amount of TEA was added. the absorbance 
did not vanish completely with a small absorption remaining. 
Bc<'ausc TEA; has no absorption at this wavelength, this small 
residual absorpLion is considered to be due to a by- product. 
This contribution being minor in any case. t.he absorbance was 
subtracted from curve 2 on simulation. The simulation I incs arc 
g-iv('n by the solid curves. The relevant parameter values. thC' 
concentrations of TEA and the wavelengths of measurements arc 
lis ,ted in Table 6-II. The rate constant ktr of the partially-
overlapped dimcr radical cation is ca. 1.8xlOU W 1s- 1, whil e ktr of 
Lhe fully-overlapped dimer radical cation is ca. 3.5xlOD 1'<1-ls- 1 
f'o r 2 :2D 1\ P and 2. 9 x l 0 9 ~- l s -l for 1 I D \ P. II en c e. k t r or the 
partially-overlapped dimcr radical cation is smaller than that. 
of t.hc fully-overlapped one, the former bein~ stabler than the 
latter. This is consistent with their stabilities estimated by 
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the CH band. 
Furthermore. this resu It is supported by th(~ fact that ~p. 
I -E'i and 2-E~. which can take bot.h the partially-overlapped and 
ru lly-ovcr lapped con rormations intcrmo lecu tar ly, preferentially 
form the partially-overlapped dimcr radical cation. The 
instability of the fully-overlapped form is due to a Jaq{<' 
repulsion force. Badger and Brocklehurst predicted a distorted 
structure as a stable conformation of ~P dimer radical cation. 
Transient absorption spectra of the radical cations formed 
in PJV~ and in P2V~ were measured to investigate thP 
ncighboring chromophorc interaction in t.hc polymer chains. 
Figures G-(a) and (b) show the spectra for P2VI\ and ror Pl\'\ in 
D~IF at UOO ns after excitation, respectively. P2V~ gave a visibl<' 
dimcr band at ea. 660 nm and a Cl~ band at ca. 1300 nm. Thc Cl~ 
band is red-shifted by ca. 50 nm from that of t.he dimcrie model 
compound. 22Dl'iP. and the ratio of the absorbanec of th<! CH 
hand to that of the visible dimer band in P2V:'-i is larger thall 
that in 22D\P. As for thc trimer radical cation stabilizcd by 
the eharge resonance among three chromophorcs, the CH band 
en<'rgy should be 2-l/Z times that of the dimer radical cation, 
aceord i ng to the ll~ckc I !'vlO theory; 3) the CH band for a 
naphthalene trimer radical cation should appPar in a longc'r 
wavelength region than 1500 nm. Therefore, the visible dim<'r 
hand and the CR band arc essentially the same as thosc for 
22ll\P. A similar result was obtained for PJVN. PlV\ gan' a 
visible dimcr band at 700 - 750 nm and a CH band al. ca. 1400 nm. 
Thcse bands appear at almost the sn.mc wavelcn~ths as those' for 
t h (' d i m c r i c mode I com p o u n d. 1 1 0 \ P. T h i s me an s t h at i n t he 
polymc>r chain the dimer radical cation is formed between L\\O 
n<'ight>oring chromophores and that the neighboring ehromophor<' 
















Figure 6-6. Transient. absorption spectra of radical catiolls 
with o-DC\0 (O.l;v() at DOO ns after excitation in D!'vlF at 298 K: 
(a) P2VN; (b) PI VN. 
The concentration of naphthyl chromophore is 3.0xl0-3M for 
P::!V\ and l.Gxl0-3M for PIV~. 
dimer model. This contrasts to the fact that poly(~-
\'inylcarbazole) (PVCz) shows the CH band shifted to longer 
wavelengths th<:l!l the dimer radical cation and that the radical 
cation in PVCz is stabi I ized by the neighboring chromophorc 
int.c~raction among more than two chromophores. 
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TIIEOHETIC/\1. CONSIDERATION OF DIMEI~ 1</\J)JC/\L C/\TIO!'\ 
13Y MO CAl .CUI .1\TION 
7- 1.. lnt.roduetion 
In the previous chapters. the structure and stahi 1 ity or 
(·arbazole and naphthalene dimer radic-al cations W<'r<' studi 0d; 
for t h(' earhuzole dim0r r<'l<l'l<~al "at· th f' 11 u .Jon, e lJ y-OV('r(;tpp0d 
-;t ruct Ur<' is st.nh ler than the partially-over tapped on<'. w!Jc-n•as 
fo r t h <' naP h t. h a I en f' d i m 0. r r ad ic a I c a t.i on, the p a r t i a 1 1 y-
I)V<'rlappcd one is stahler than the former. The stability or 
t.ll<' rlim<'r radical cation is generally eonsid0rcd to b<' 
d<•t <'rmincd by t.he halance between the stabi 1 ization by dtarl!<' 
<l<'loenlization and the repulsion bet.ween chromophor('s. Tlw 
larger th0 degree of ovcrlnpping of chromophores. t.lw 
t lH· sl.ahi I ization by charge deloea I izat:ion. but also th<' 
th0 r<'pulsion. 
B n d g <' r a n d B r o c k l e h u r s t 1 l c a 1 c~ u l a t e d t h c <' 1 <' e t r o n i c 
<'n<'rg-y l0V<'Is of the intermoleeular napht.lwlcn<' dimcr ntdicill 
n ('at ion for some typical arrangem<'nts by Htr.ke I •10 theory and 
<·om pared the resu Its with the absorption bands obtai n0d 
<'.\PoC't·imcntally. For t.he rwpbthalen<> dimer radica 1 cation. t h<'Y 
StJgg<'St<'d a sandwich arrangement. thnt is distorted O\\ing to t tw 
lnrg·<' repulsion f'oree between the filled TT orbitals in a rully-
O\'(' r I apped arrnngem0n t. 
I Hl 
In t.his chapter. the CH hand energies of carbazole and 
nnpht.ha lenc intrnmo lecu tar dimer rad iea l cations were ca leu IHted 
by C\DO/S2) for the stable conformation predicted by Austin 
'1odel 1 (A!ll).a) The results of the calculations wer0 compared 
with the experimental dnta presented in Chapters 2 and G. The 
difference between carbazole and naphthalene dimer radical 
cat ions was discussed in t c r m s of t h c e l c c t ron i c st. at<~ s 
associated with the C H band. F u r t h e r m o r c . t h c c n <' r g y 
<keomposition analysis of molecular interaction by 'lorok.uma and 
Kitaura4 > was applied to the carbazole and naphthalene dim0r 
radical cations. and the factor that will govern stabilization 
was discussed. 
Figure 7-1. Optimized conformational parameters or a 
methylene chain by A.'ll . 
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7-~~. Ca leu Jation Method 
7-~~- 1. Dimer Structure and Cl{ Band Energy 
As t.hC' band cn0rg-y is sensitive to the dimcr st.rueturc. a 
stable conformation of a dimer radical cation is searched by 
·\'11 before calculnting t.he CH band enC'rgy. t\~11 is a tH'W 
parnmet.rie quantum mechanical molecular model proposNl by 
lkwar et al..:H which is based on the ~DDO approxim<ltion v.itlt a 
modified core repulsion t'urwtion in '1~Do. 5) By mcnns of' ·\'11. 
tlw <:onformaLion of a dimcr radical calion was optimized hy 
<' h an g i n !! the s t rue t u r e o r the met h y k n e c h a i n I i n l<i n!! t w o 
eh romophores. The optimum eonforrnalional parameters of the 
methylene brid~e arc shown in Figure 7-1. whieh include !'our 
bond lengths (d 1• d 2• d 3, and d4), four rotational angles (¢ 1• 
¢J 2• ¢ 3• and 1J 4>. and th rce bond ang 1 es ( 0 1• e 2• a11d 0 3). Th<' 
proton and/or the methyl group attached to c 1• c2• and C:~ 
C'aJrl)()ns were fixed in the stable location with a standard bond 
l0ng-t.h. bond an~le and rotational an~ I e. For the struetura I 
parameters for a carbazole ring, the data obtained by X-ray 
analysis of' carbazole derivatives W<~r<' used.G.7) For n naphthyl 
ring. the standard hond length, bond an~lc and rotational angJp 
we1r0 uscd.8) The optimization was made for meso- and rac-2,4-
d i (~-<'a r l> a z o 1 y I) pent an c s (m- and r - DCzPe), 1,3-di(J -
napht.hyl)propane OIDNP). 1,3-di(2-naphthyl)propane (22D:'\P). nnd 1-
(1-nnpht.hyl)-3-(2-naphthyl)propane (12D~P). The initial 
eonformat.ion for m- and r-DCzPe are shown in Figure 7-2; th<~ 
fu I Jy-ovcrlappcd eon formation in a TT form of a methylene ehain 
fot· m- DCzPe and the partially-overlapped conformation for r-
DCzPc. r-DCzPe takes the partially-overlapped conformation by 
roJLating ¢ 2 by ea. :~o degree from a TT form. In this 
eonformation, a benzene ring of one carbazole ring is made to 
121 
( 0) {b) 
Figure 7-2. Initial conformations of m-DCzPe (a) and r-Dczp,-. 
(h) for optimization by A"''l. 
overlap, if partially, with a benzene ring of the other 
carbazole ring. /\s shown in Figure 7-3, each dinaphthylpropan(' 
(0:\P) can take two types of over lapped eon formations of 
naphthyl rings, for a naphthyl ring is asymmetric about a 
substitution axis. 12DNP gives 'CWO types of the partially-
overlapped conformations, and llDNP and 220:\P give a fully-
ov~rlapped and a partially-overlapped conformation. Therefor<', 
ealeulations were made on the two initial C'onformations for cadl 
dimcric model compound. 
C\DO/S was applied to the dimcr radical cations which ar<' 
in the optimized conformation determined in this way. The 
electronic states and energy levels of carbazole and 
napllthalene dimcr radical cations w~rc ealculatcd, and the 
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Figure 7-3. Initial eonformations or 12D\fl (a), liD\P (b) and 
Z2D\P (c) f'or optimization by A~ll. 
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1-2-2. Energy Decomposition Ana l ysis of Charge Delocalization 
l ntC'raction 
The 0nrrgy decomposition analysis method of molecular 
int<'raet ion by t.hc Ab Initio me~thod proposed b} 'lorokuma and 
Kitaura4) \\<IS appli<'d to a dimer radical cation. Their m<'thod 
is bas<'d on a llartrcc-Fock supermolecule calculation. In the 
supermolecule method, th<' binding energy, OE, of a dim<'r radical 
cation is calculated with 
BE( !i I D + Rl - E(O;) - E(Dl E( ,, .• 
"' 
( 7- .1 ) 
v. h <' r e E ( D ~) and E ( 0) a r e en e r g i e s o f a r ad i e a I eat i o n and a 
neutral molecul e . respectively, and E{D2;, Hl is the ('n<'rgy of' a 
supermolecule, a dimer ractical cation with a gcom0tr y H. 
· · I \'I', is According to t,heir method, the Jntcractlon energy, 
decomposed into physically meaningful energy components ns 
follows. 
F p 
Figure 7 - 4. ,\rrangements of earbazol<' for energy 
d<'composition analysis of charge de localization internet ion; 
a fully overlapped arrangement (F) and a part.iallY-
o\"C r I appc d Oll<'S (P). 
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l\T" ES +~X+ PL + CT + 'l!X (+DISP) ( 7-2) 
where ES is t110 elcct rostal i <: or Coulombic intPraction b~t\\<'<'n 
the~ elcetron dist ributions of isolated moleeulcs, I\ is tlH' 
exchange' repulsion ene rgy, PL is the polarization energy, rr is 
thC' charge transfer cne rgy, 'II X is t.hc higher order coup! ing 
Lcrm among various interaction components, and DISP is t hc 
dispersion energy. In the present calculation, DISP is 1tot 
includ<~d. As a basis function, STO-;~G was us<~d. 
This energy decomposition analysis was carried out ror 
c:ar·bazole and naphLhulcnc intermolecular dimcr racli<'al cations. 
For earbazol<', the ealculat.ion was madc for thc partially 



















Figu r e 7-5 . •\rrangcments or naphtha)('IICS ror CJl(' rgy 
d0comrosillon analysis of charge dclocalization interaction: 
one rully-ov<'r1upped arrangement (F) and three partial!} 
overlapped <HIPS (Pl. P2 and P3). 
125 
4. For naphthalene. the calculation was made for the one 
fully - overlapped arrangement (F) and the three partially-
overlapped arrangements (Pl. P2, and P3) shown in Figure 7- 5. 
In these cases, chromophores (carbazole or naphthalene) lie in 
two parallel planes separated by a distance d. 
7-3. nesul ts and Discussion 
7- 3- 1. Estimation of Structure and CR Band Energy of Dimer 
Hadieal Cation 
The optimized con formations of carbazole d imcr rad ica I 
cHtions !'or m- and r-DCzPc are shown in Figure 7- 6. Both o f 
the fully-overlapped dimer radical cation for m-DCzPe and the> 
partially-overlapped one for r-DCzPe gave a potential minimum 
in the conformation when two carbazolyl rings are somc"·ha t 
more separated than in the parallel arrangement of the sandwich 
<:onformation. Figure 7-7 shows the optimized conformation of 
the naphthalene dlmer radical cation for llDNP. Like carbazol c 
dimer radical cations, two naphthyl rings are more separated 
than in the parallel arrangement. For 22DNP and 12DNP, ttl(' 
same res u 1 ts were obtai ned. In this way, the prcs C>n t. 
semiempi rical MO ca leu lation, AMl, indicates that the carbazo I<' 
and naphthalene intramolecular dimer radical cations do not 
take a perfect sandwich conformation but one in which two 
chromophores are somewhat more separated. Thus far. t he 
conformation of carbazole dimer radical cations of OCzPe has 
been discussed by analogy with the structure of the excimer. 
However, the structure of the excimer itself has not firmly been 
cstabl ished yet. For t he dimer radical cations of 22DNP. the 
proposal of the fully-overlapped and partially-overlapped 
conformations is on the basis of trans-gauche rotations of a 
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n~- DCzPe 
r - DCzPe 
lol Ful l {b) Parti al 
~igurc 7- 6. Optimized conformations of c arbaz o l e dimcr 
radical cations for m-DCzPe (a) and r-DCzP<' (b). 
methylene bridge. but no theoretical ground. At the pr0sent 
s ta ge. the structure of the dimer radical cation cannot b e> 
(kt.crmined e xperimentally. In the absence of any e ffec tive 
experimental method to determined the structure of the <iimer 
rad ieaJ cation. the author believes that Lheoretieal prediction 
is the only method to investigate the dimer struet.urc. As wi II 
be described later, t.he calculated Cl~ band with the predieted 
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(a) Partial l b) Full 
F i g u r c 7- 7. 0 p ti m i z c d con f o r mat i on s o f n a ph tlw 1 en c d i m (' r 
radiC'al cations for llD\P. (a) and (b) indicate til(' 
partially-overlapped and fully-overlapped conformation~. 
r<'speclively. 
dim<'r strueture qualitatively agrees with the experimental 
resul L. This may indicate the validity of the application or :\'11 
to th<' <:>stimation of dimcr structure. In this estimation. it is 
noted that. roughly speaking, the f"ully-ovC'rlapped and 
partially- ov<'rlapped conformations exist. in a potential minimum. 
This m<'ans thut the hitherto-expected struclurC' of dimC'r radic·al 
cations is vulid to som<' extent. 
\\ith these optimiz<:>d conformations. the <'lC'ctronic stat es 
and 0nergy I<'V<'ls of dimer radical cations w0rc calculated by 
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Table 7-1. \isihlt' and CR b<-Jnds or carhc1ZOIP dimcr radicHI 
e <t t ions . 
m-DCzPc 
r-DCzPe 




CR Band I nm 





C:'\I>OIS. and their absorption hand energies wen• estimated by 
the Cl calculation. The rcsu Its for the carbazole dimcr radical 
eat.ions arc compared. In Table 7-J, wil.h the cxperimC'nLal data. 
The· '10 ca leu Ia lion co tJ I d reproduce the ex peri menta lly- obs<' rv0d 
tendency of t h<' wave I engt h shifts of the absorption band. That 
is. lttC' fully - overlapped dimcr radi ca l calion for m-DCzPc showed 
th<' visible dimer band at a longer wavelength and the CR band 
at a shorter wave length than those of t.he partial Jy-over l app€'d 
dim<'r radical cation for r -DCzPe. For l.hcse dimcr radical 
<'ations , th<' electron distribution of the split.tcd 110'10's 
associated with the CR band was investigated; consequently, the 
exei Lcltion of the Cl{ band was suggested to be of a c:ha rgc 
transfer type. Figure 7-8 shows the eleetron density 
dil"l"ercnccs indue<>d by the transition of the Cl? hand. As a 
whole, the electron density in one carbazole ring dccr0ascs, and 
that in the other earbazolo. ring increases; the electron of onc 
carbazolyl ring in the lower orbital of splitt.o.d 110'10 is <'Xcitccl 
t.o t.he upper orbital of t.he 110'10 in which the 0lcctron is 
loC'alizcd in the oLhC' r carbazolyl ring. The change or the 
electron density on the :-.. atom is particularly larg<'. The \ 





(a) Full (m-DCzPe) 
(b) Partial ( r-DCzPe) 
Figure 7-8. Electron density di ffercnccs induced by CR band 
transition for m-DC.zPe (a) and r-DCzPc (b). 
cation. 
On the other hand, as for the visible dimer bands of 
naphthalene dimer radical cation with differently-overlapperl 
conformations, the calculation results were not systematic. 
Table 7-11 shows the calculated CH bands of the two types of 
naphthalene dimer radical cations for each dimcric model 
compound along with the experimental data. The results predict 
the following; the partially-overlapped dimer radical cations 
except that of 22DNP give a CR band around 1600 nm. while the 
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Tab 1 c 7- I 1 . C R hand s o f n n ph t h n I (~ ne d i me r r ad i c a 1 
cations. 
ealculat.cd/nm oh:;erved/nm 
120\P 1662 ( p) 15HH (P) 1050 
11 D\P 1678 ( Pl 2:!9H (F) 1350 
22[)\P 1920 ( p) 1958 (F) 1250 
• The character in the parcnthest~s indicates the type of 
overlapping-: F and P an! <l fu lly-overlappcd and part. ially-
overlappcd types. respectively. 
Cl~ band of the fully-overlapped dimer radical cation appears at 
ca. 2000 nm. As described previously, the stronger the' 
intC'raction, to a shorter wavelength is the CR band shif'ted. 
Tlwreforc, 1 hese ea leu lations show t.ha t. the partially-over lapp<'d 
dimC'r radical cation is stabler th;-m the fully-overlapped one. 
consistently to t.he expcrimcnta I rcsu Its studied by the rad ica I 
(•at ion transfer method in Chapter 6. 
TtH~ experimentally observed Cl~ hand for the dimer radical 
<'at ion is considered t.o be a superposition of those of two 
t .\' p C' s of d i me r r ad i e a I e a t ions. For 12D~P. t.wo kinds of 
p;u·t i ally-over I appcd d imer radica I cations were theoretiea Jly 
predicted to show a CR band commonly around !GOO nm. 
Thc·r0forc. Lhe superposed CH band of the partially-over Iapp0d 
d imer rudiea I cations for 120\P should appC'ar around I GOO nrn. 
Experimentally, the CR band for 12D\P was observed around 
1050 nm. For llDl\P and 22D\P which form two types or dimC'r 
radical eations. the superposed cr~ band could not be predicted 




















Figure 7-<J. FlccLron de-nsity differences induced by CH band 
transition for 120\P (a) . 110:\P (b) and 220:\P (c). 
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But it should be longer than JGOO nm in wavelength. This 
tendeney is a<'<:ord with the expcrimcnLa I da La. 
Figu rc 7-9 shows the e lcctron dcnsi ty d i ff0rcnces i n<lu<:<'d 
by the CR band transition for each conformation. \s a whol<', 
the CH band transi lion was found to be a typE' of charg<' 
transfer from on£' naphthyl ring to the other. In contrast Lo 
carbazole dim0r radical cations, the transition electron is not 
localized on a specific atom, but is delocalized in a naphthyl 
ring. The difference between carbazole and naphthalene dim<'l' 
radical cations is reflected clearly in the electronic 
de I oeali zation. 
7-3-2. Estimate of Interaction Energy of Dimer l~adical Calion 
In this scetion. the interaction energy of dimC'r radical 
cation was decomposed into physically meaningful cnC"rgy 
components theoretically on the basis of the Ab Initio dnLa. 
The interaction energy is sensitive to dimcr geometries. 
especially, lo the overlapping and the distance b(•twcC'n two 
ch romophores. First of a 11, the dependence of the in tc rae ti on 
(~nergy and its energy components on the interplanar distnn('C' 
was examined in a sandwich and fully-overlapped arrangement. 
The results for N-Il carbazole and naphthalene arC' <>hown in 
Figures 7-10 and 7-ll, respectively. The isolated stale In which 
two chromophores have no interaction, with a positive chargc 
loealizcd in a chromophorc was taken as an energetic refere-nce 
I eve I. A positive energy indicates an unstable state. and a 
ncg;ativc energy Indicates stable state. Both carbazolC' and 
naphthalene dlmcr radical callons show similar dependence on 
Lhe interplanar distanc0. With decreasing interplanar distance, 
EX increases. and CT and ES decrease. That is, EX is rcpu lsi\ c. 
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Distance I A 
4.0 45 
Figure 7- 10. Dependence o f inte raction energy eompon<>nts on 
the i n tcr p l anar distanee for fully-overlapped dimer radka I 
cation of N- Il carbazole. 
the interplanar distance. At shorter distances (< 3.5 A). EX 
predominates CT and ES. Therefore. the total interaction 
energy, li\T, iJJcreases with decreasing interplanar distance, and 
the potenUal curve is repulsive. For both carbazole and 
naphthalene, 1:'\T becomes a minimum at ca. 4 A. This interplanar 
distance may be reasonable: Badger and Brocklehurst 1) used a 
distance of 3.0 A in the theoretical calculation of naphthalene 
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Figure 7- 11. Dependence of interaction energy cornponcnt.s on 
the int.e rplanar distance for ful ly-ovcrlappcd dim<>r radica l 
eation of' nnpht.hnlcnc. 
dimer radical cation . and in the studies of excirner. th e 
interplanar distance is usually assumed to he 3.0 - 3 . .5 t\_H) 
Sec ondly, the interaction energies of carbazole and 
naphthalene dimer rHdical cations were investigated for the 
fu l ly-overlapped and partially-overlapped arrangements (Figures 
7- 4 and 7-5). The interplanar distanec was fixed t.o be :s.~ 1\. 
The results arc shown in Table 7-lll. The total energy, INT. for 
Table 7-111. Interaction energy components of carbazole and 
naphthalene dlmer radical catlons estimated hy Ah Initio. 
CHrbazolc Naphthalene 
F p F 1'1 P2 P3 
l\T - 1.70 - 1.13 -2.14 -1.87 -).99 - 1.90 
EX 0.52 0.28 0.45 0.31 0.35 0.31 
ES - 1.61 - 0.73 -2.00 -1.62 -1.83 -1.66 
PI. - 0.51 -0.63 -0.36 -0.49 -0.41 - 0.47 
CT - 0.11 -0.06 -0.23 -0.07 -0.10 -0.08 
(kca.1/mo1) 
•The interplannr distance is fixed to be 3.9 A. 
* F indicates fu lly-ovcrlappcd arrangement and P. l'l, P2 and 
P3 indicate partially-overlapped ones. 
These arrangements arc shown in figures 7- 4 and 7 - 5. 
each dimer radical calion is negative, and thus each stat0 i s 
stable. EX is a repulsive component. ES, PL and CT a r0 
att.raetive components, of which ES contril..n!les the most to the 
stabi I izat.ion of dimer radical cation. As for caruazole dimcr 
radical cations, the values of INT indicate that the full ;v-
overlapped dimer radical cation is stabler than the partially-
ovcrlapped one. This is consistent with the experimental 
results descriued in Chapter 2. The large stabi I ization in the: 
fully-overlapped arrangement is considered to be due to a 
strong interaction between :\ atoms. This presumably has a 
correlation with the theoretical result showing that a large 
cl<~eLron-density change on N atom is induced by the Cl~ band 
transition. :\mong the three partially-overlapped naphthalene 
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dim0r radi<:al cations (Pl, P2 and P3), the cal<:ulat.<'d interaction 
C'JH~rgics <lrc almost the same. INT indicates that the fully-
ov<~ rlapped <II mer radical cation is stabler than the partially-
OV< ! rlappcd one. This is inconsistent with the exp0rimental 
resu Its dcscriued in Chapter 6. The difference of 1:\T bC'twc<·n 
two type or naphthalene dimer radical cat.ions is ca. 0.2 k<"al/mol, 
the \'aluc being even smaller for carbazole (ca. 0.6 kcal/mol). It 
is considered that the difference of 0.2 kcal/mol may b< ~ within 
L h <' e a l c u l a ti o n c r r o r by t h e f o l I ow i n g r e a s o n . In lh<' 
par·tially-overlapped conformation, the repulsion is smaller than 
t.ha t in the f'u II y-ove r I apped one. 1\cvertheless, the sam<" 
interplanar distance was assumed. Therefore, l~T for th<> 
pa r t i a l l y - o v e r I a p p e d d i me r radical cations may 
li!Hie rcsti rna ted. 
7- 4. Cone I us ion 
Uy means of AMI. the structures of the dimcr radi<:a 1 
cat ions of DCzPc and D\P were estimated. The resu Its show that 
t.hc fully-overlapped and partially- overlapped conformations arc 
in potential minima, even though two chromophores arc somewhat 
more separated than in the paraJ lc1 arrangement. This may, Lo 
som<' extent. justify the hitherto-assumed dimer gcom<'trics. In 
tll<'S<' optimized conformations, the CH band was calculated hy 
C:'\DO/S, and the experimentally observed relationship between 
tlw Cl< b;.wd shift and the chromophore overlapping (full and 
partial overlapping) wen~ reproduced successfully. The analysis 
of' the clcetronie states indicated that the excitation or the CH 
bar11cl is of a charge transfer type. For carbazole, a 
particularly large change of electron density on the N atom \\as 
prcdi<:ted to be indueed by Lhe CR band transition. 
The energy decomposition analysis was applied to the 
intermolecular dimer radical cations of 'i-H carbazole and 
naphthalene, and the interaction energy components were 
calculated by Ab Initio calculations. In this analysis, the 
contribution of FS to the stabilization of the dimer radieal 
catio n was found to be very large. As for carbazole, the 
fully-overlapped dimer radical cation was predicted to be 
st.ahler than the partially-overlapped one, in agreement with the 
experiments. 
The agreement between theory and experiment was better 
for carbazole than for naphthalene. Perhaps, the N atom in 
earha:r.ole may be playing an important role in this problem. 
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CIIAPTER 8 
STABILITY OF TEREPUTII/\1./\TE I~ADIC/\L ANION FOI<MED 
rN POI.Y(VINYL METHYL TEREPIITIIAI.ATE) 
8- 1. Introduction 
A large number of studies have been reported regarding 
dimer radical cations and DDA type excited triple complexes 
(cxterplcx) which consist of two electron donor (D) and an 
electron aeceptor (A). In contrast. there have been only a few 
reports regarding 
anions 1- 3 ) and 
the formation of aromatic dimcr 
DAA exterp1cxes 4 •5) formed by 
radical 
charge 
deloc3lization of a radical anion with a neutral elcct.ron-
aeccpting ehromophore. Shida ct al.,2) who studied dianthraeene 
in r-irradiat.ed rigid methyltctrahydrofuran solutions at 77 K. 
observed the charge-resonance band of anthracene dimcr radical 
anion ir1 the ncar-infrared region. Hirata et. al.4) reported the 
formation or DAr\ exterplex of bcnzonitri Ie - amirH~ systems. 
Tsuehida ct al.G} investigated, by the radical anion transfer 
met hod. the stab i I i z at i on of the r ad i c a I anion formed i n 
poly(vinyl methyl terepllthalate) (PV~1TP) or in its dimcric model 
<:ompounds with Lwo terephthalatc (TP) groups linked by a 
me t h y I c n c e h a i n . For both PVI"lTP and Lhe dimeric model 
compounds, the radieal anion transf'er to 1.4-dicyanobenzene (p -
OC\B) or to 1,2,4,5-tetracyanobenzene (TCNO) was found to be 
highly suppressed as compared with the case of n monomer model 
compound. dimethyl tcrephthalatc (J)'1TP). Furthermore. the 
degree of suppression in PV!'1TP was much higher than that in 
t.h<' dimeric model compounds. In fact, no radical anion transft-r 
to p-DC~B was observed in the PVMTP system. This is consider<'<! 
to he due to the stabilization or the radical anion by 
inlf'ruetions with the neighboring chromophores. 
In this chapter, by nanosecond laser photolysis the 
radical anion transfer to p-DCNB was measured for copolymers or 
vinyl methyl tcrephthalate (v""MTP) with vinyl neetatc (VAc). and 
the relation between the sequence of TP chromophores and th<' 
s t a b i 1 i z a t i o n was d i s c us sed to e I u e i d a t e t h e n a t u r e o r t lt <' 
radical anion formed in PV:'-1TP. Fu rthcrmore, the fl uoresc<'ll t 
behavior or P\f:\1TP and its model compounds in the pr0scnce or 
an electron donor, ~-ethylcarbazole (EtCz), was studied. and tlw 
!JOSsibi I i ty of DAA extcrplex formation was considered. 
8-2. Experimental Section 
8-2-l. Polymers 
V~tTP was synthesized by the ester exchange reaction or 
vinyl acetate with tercphthalie acid monomethyl ester (Tokyo 
Kasci Kogyo Co.).7 ) The crude sample was purified by pussin~ 
through a silica-gel column with diehlorornethane as 0luent. and 
subsequently recrystallized from hexane. flV\1TP was prepared by 
radieal polymerization in benzene with J\IB:-i as initiator. Tll0 
w<'ight-uvcrage molecular weight (.'>\v) \\as estimated to be Jxto5 
by CPC (Toyo Soda llLC 802CH) wi t.h a C400011 and a G"lll columns. 
\'A<: (\\.ako Pure Chern. Ind.) was purified hy distillation. Four 
copolymers of V"1TP and Vt\c were prepared by radical 
copolymerization initiated by l\113N in a benzene solution at GO 
The conversion was always below 30 mol%. The copolym0r 
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samples wer<' purified by precipitation three times from a 
l)('llZ<'!IC' solution into hexane. The molecular w0ight (51\\) of 
tlws0 <·opolymers was estimated by GPC. The mol<' fraction or 
t01rcphthalate units (f'Tp) was dct<'rrnin<'d by L\' absorption on tlJ<' 
h<tsis of the known molur extinction coefficient of D'lTI' in 
di('hloromethane (t = 1.87 x 10° ~1- 1 em- 1 at :2XG nrn). 
Copolymerization data arc shown in Table 8-1. Ttl<' eopolym<'r 
are designated as PI. P2. P3 and P4 in the order or increasing 
fTP· The monomer reactivity ratios, r 1 and r 2• w0re <IC'L<'rmin('d 
by the Fincman-Hoss method8 ) to be 0.2G and O.H4. respective ty. 
Table 8-1. Clwracterization of copolymers of V;\lTP "ilh \"\e. 
Copolym0r F 1 } fTP 2) ;-ttw/104 
PI 0.20 0. 18 1.9 
P2 0.52 0.31 2.9 
P:l 1.2 0. 4 ~} :1.4 
P4 3.5 0.62 3.4 
1) ~onomcr feed ratio of the copolymerization. 
(~ = IV~TPI 0 1 IVAcJ 0 l 
3} 
2) ~lole fraction of TP unit in the copolymer d('tP.rmirwd 
by t;\· absorption. 
:n'lolecular weights detcrmin(!d hy GPC (polystyrt~nc 
equivalent). 
8-2-2. Other Chemicals 
FtCz was synthesized by ~-alkylation of carbazole and 
puril'i<~d hy rcerystallization. Dr1TP (Wako Pure Chern. Ind.) and 
p-I.IC\B (Wako Pure Chern. Ind.) were purif'kd s<'vcral t.im<'s b~· 
r0 crystal I i z at ion. D.imerie model eompounds. 1,3-bislp -
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(mC'thoxycarbonyl)bcnzoyloxy]propane (I ,3-l'ITP) and rac - 2.4-bisl p-
(m<'t. hoxyca rbony I )ben zoyloxy lpcn tane (2,4-:\1TP) we rC' synrhes i ZNJ 
and purified as r eported previously. 6) Dich loromcthanc (Dot itC> 
Sp<'ctrosol) and benzene (Dotite Spectrosol) were us0d ~ithout. 
further purification. 
fra('t.ionally disti lied. 
Benzonitrile (Wako Pure Chern. Ind.) was 
8-2-3. Measurements 
T h c t r an s 1 en t a b so r p t i on me as u rem en t s w c r e mad <' i n 
bem·.onitri l e for the copolymers and the dimcric model compounds 
in the presence of an elect ron donor. EtCz. The absorption 
spectra and decays of the radical ions (EtCz~. TP : and p-
DCNB:) produced by photoinduced electron transfer wrr0 
me as u r e d b y nan o s e c o n d I as e r p h o t o 1 y s i s . Sclectiv(' 
photoexci tat ion of EtCz was made by a second harmonic pulse 
(347 nm) of a Q-s\\itched giant pulse ruby laser for th0 copol)m('r 
syst0ms and hy an excimer laser pulse of XcF (308 nm) for t h(' 
model compound systems. All samples for the laser photol:vsis 
wC>re degassed by the freeze -pump-thaw method. In tho 
measurement of the laser photolysis, the absorbance of EtCz was 
adjusted to about unity at an excitation wavelength. and th0 TP 
chromophore concentration was adjusted to 1.0 X 10- 1 1\'1 for the 
copolymers and to 5.0 x 10-2 M for the mode I compounds. For 
radical anion transf0.r experiments. l.O x 10-2 M of p-DC\fS for 
tile copolymers and 2.0 x 10-3 M of p-DCN13 for th0. model 
compounds were added to the above systems. 
The reduction potentia Is of 0'1TP and p- DCNI3 wer e measured 
by cyclic voltammetry with a reference electrode (Ag/0.01 \ Ag+ 
in acetonitrile) and were determined to be -2. 11 V nnd -l.!J7 \', 
r espectively. 
The fluorescent properties of the EtCz exciplcx of PV'!TP 
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and its modo I <·om pounds were stud icd 1· n ~cg d b (l • assC' enzenc. Th<' 
cmi:ssion spoetra and I i f'et imcs of the exeip lex won' measun'd b) 
a Hitachi 850 spN·tropho[ofluoromctcr and a singlc photon 
counting method (PH\ Inc. model SlOB). respectively, under tltc' 
co n d i t i o n o f s c L c c t i v e p h o to c x c i t a t i o n o f F t c z . In th<.' 
measurc·mcnts of the cxciplex, the concentration of VtCz 11as 
ad j u s t c d to be 1 ow 3 x 1 0 - 4 :'-1 to a v o i d a n i n t e r m o 1 c c u 1 a r 
inlf•rac:tion. and th0. TP chromophorc concentration was adjtJstcd 
to 2.0xlo-l '1 for PVVJTP and l.Oxlo-1 '1 for the model compounds. 
The UV absorption spectra were recorded on a Shimadzu 
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Figure 8-1. TransiC'nt absorption spectrum of EtCz 
s Y s t 0 m i n b c n z o n i t. r i 1 c m c as u r c d by n a n o s c <' o n d 
photolysis at 298 K at 1 J.lS after excitation. 
The absorlHtn<·c of' EtCz at 347 nm is about unity. 






R-3. Hcsu Its and Discussion 
8-3-1. Transient Absorption Spectra of TP~ in the Copolymers 
Figure 8 - l shows the transient absorption spectrum or lh0 
C I>J • l 't '1 Th1"s spc<·.trum I·s almost th<.· Et .z - system 1n )enzont rt e. . 
sam<' as that of the monomer mode I compound. EtCz - D)lTJl 
system. The absorption hands around 780 nm and 530 nrn "-<'re 
ass i g n c d to E t C z ~ and T P: i n the cop o I y me r. res P e <: t i v c l Y. 
Ollwr copolymer systems gave simi Iur transient absorption 
. .•. ..-~ -·. 
- . 
-:':-:-•' -~ .. --~...,.;......:·,..;-;.·~~ 
.. , , · .. .. 
·: ·. ·-·· . :: ~ . · ... ~ : . : . 
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· ' :"·,'·:·. ~':. · ... ::' .. ·.: .... . : . 
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Figure 8-2. Transient absorbance decay measured at 5~l0 nm in 
b0nzonitri I c. 
(1): EtCz- Pl - p- DC7'B system, (11): EtCz - P2 - p-DC\13 
syst.cm. (Ill): Et.Cz - P3 p-DCi'm system, (lV): EtCz - P4 - p -
DC:"B system. 
Th0 absorbance or Et.Cz is about unity. The concentrations or 
TP chromophore in the copolymers and p-DCI'n in each system 
ar<' 1.0 x 10- l \1 and 1.0 x 10-2 ~1. respectively. 
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s p e <· t. r a as t h a t s h own i n F i g u r e 8- 1 . The m o 1 a r e x Li n e t i o n 
C()l(~f'ficicnt of TP~ for each eopolym<'r at :>:!0 nm was determined 
t() t)r. I '> 1 (l4 M- l cm- 1 h b + , C'a. ,,1 x - on l <' asis of that of EtCz. at 
780 nm (B = g,4 x 103 M- 1cm- 1). The mo!Hr extinction coeff'ieicnt. of" 
TP ~ in the eopolymer was independ<'nt. of frr· This valu<' is 
almost. the same as that of D\1TP~ (c = 1.2 x 104 wlcm- 1). The 
l'aet Lhat no change was observed in the transient absorption 
sp0ctra means weak interaetions between the neighboring 
ell romophorcs. 
8-:3- 2. Radiea I Anion Transfer from TP~ to p-DCNB 
Figure 8-2 shows the deeay at 530 nm whic·h was mainly 
assigned to TP~ in the copolymer. In the absence of p-DC\B. 
TP : decreases by the recombination with EtCz~. but its 
absorpLion hardly decays in this time region (< J JLS). On Llw 
eontrary, when an electron acceptor, p-DCl\B, which has a lower 
r<'duC'tion potential than the TP ehromophore. is added, the 
dc('rNtsc of TP~ is accelerated, as shown in Figure 8-2. This is 
due to the radical anion transfer from TP~ in the copolymer to 
p-IDC\8. The decay consists of a fast decay component in t.ht' 
short. time region ( < ca. 200 ns) and a s 1 ow deeay componcn l 
f'o I lowing the fast decay. As fTP increases from 0.18 to 0.£)2, 
the fast decay componcn t, decreases. 
These deeay curves were simulated by using tho sch<'m<' 
shown in Figure 8-:l. A fraetion ftr of TP~ in the copolymf'r 
transf'ers an electron to p-DC\B with cl rate constant ktr· while 
tiH' r<'m<tining fraction 1-ftr do not, heing stabilized by the 
rwighhoring inlcraction. The concentration of TP~ ([TP~IJ at 
time t is expressed by eq. 8-1. as the decrease of TP~ by the 
recombination with EtCz~ is negligible in this time region ( < 
1 .us). 
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( 8- 1 ) 
where [TP~I0 and I p-DCNB I arc the concentration of TP~ and p-
OC:\B at t = 0. respectively. The first term in the parcnthcs<•s 
corresponds to the fast decay component in the observed decay 
curve and represents the decrease of TP~ via the radical anion 
transfer. The second term corresponds to the slow decay 
component where TP~ does not decrease in this time region. 
The observed decay curves at 530 nm were simulated using-
eq. 8-1. Since the absorbances of Etcz: and p-DCN£3~ overlap 
slightly on that of TP~. the contribution or these radical ions 
was subtracted on simulation. The initial concentration [TP~J() 
was a I so determined from the absorbance at t = 0 at 530 nm with 











Figu r e 8-3. Scheme of radical anion transfer from TP~ in 
eopo Iyme rs to p- DCNB. 
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into account. The formation of p-OCNB~ through dir<'<'l 
qucn<'hing of an excited EtCz was also taken into account. Til<' 
rC'sults are summarized in Table 8-II. and t.he simulation line's 
arc given by the solid line in Figure 8-2. The rate constant 
ktt· was found to be 7.7 x 108 M-Js- 1 for caeh system. The' 
fraction of electron-transferable TP, ftr• dec'r('ascs in the' 
order. Pl (ftr = 0.83) > P2 (ftr = O.G4) > Pa (ft.r = 0.48) > P4 (ft.t. 
= 0.21) with increasing fTP· 
Tnblc A-ll. Simulation parameters of decay curves 
at. S.\0 nm. 
Copolymer ftr k /108 ~1-ls-1 tr 
Pl 0.83 7.7 
P2 0.64 7.7 
P3 0.48 7.7 
P4 0.21 7.7 
8-:~·<L Stahi I i Ly of TP~ i n the Copolymers 
In t.his system. the degree of interactions between the' 
neighboring chromophorcs depends on the sequence distribution 
of V~1TP in the copolymer. The fraction f i of iso I a ted TP 
groups in the copolymer. i.e .• the fraction of the triad sequence 
V/\c - VVJTP - VAc was calculated from rl nnd the feed ratio (F 
= {V,\1TPl/[VAcJ) using cq. 8-2.0) 
( 8-2) 
The catculatcd values of fi for Pl. P2, P:J and P4 arc O.UO. 0.78. 
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0.58 and 0.27, respectively. Figure 8-4 shows the relation 
bot ween the trnnsf0rablc fraetion f Lr and fi. The value> or ~'tr 
is somewhat. sma ller than fi for each copolymer. This is 
pr0sumably due to und0restimation of the initial absorbance of 
TP ~. s i n c c t h e r a d i c a l a n i o n l r a n s f f' r a l s o o c c u I' s i n llH' 
cxcitation pulse width of 14 ns, v.hich is out or the time-
rf'solution in this system. It may be concludC'd that the 
transferable fraction ftr is roughly proportional to fi. This 
means that the radical nnion TP~ formed in the sequence Vr\c -
V\rfP - VAc is elect ron-transferable, while the TP:-'s formed in 
sequences with adjacent V\1TP's cannot transfer any C'lect rons to 
p- DC\H. In fact, for the TP~ formed in the homopo lym0r PV'lTI', 











Figur0 8-4. Transferable fraction f tr versus isolatr.d rrac t i on 
fi. 
slabiliz(•d by intera<'tions among more than one adjaCC'IIL TP 
ch r·omophor0s. 
8-:'1- 4. Comparison with Had ieal Anion of Dimerie mode I Compoun<ls 
In order to <'Ompare the dyad sequence> of \\lTI' in tiH' 
copolymer with th<" dim<"rie model compounds. the radicnl allion 
transf'0r to p - DCNU was measured for the TP~ of tllC' climc•ri<' 
mode> I compounds and 1)\ITP, and ktr was detC'rmim·d more> 0xact I} 
hy observing the initial transient absorption dN'ay of' TP ~ at 
:i:HJ nrn in the> time region (< 1 JJS) where the rc>eombinat ion pro<'<'Ss 
C'OIIJ J d be ncgl0ctcd. The measured rate eonstants W('J"('; 1.:2 X 
to!l 'r ls-I for i)'ITP, l.O X 109 M-1 -1 s for 2,4-\lTP, and 7 ., ..... X 108 
'r 'l _, s for t,;{ - :vrfr. The radical an ions of the dimcric mock I 
<"ompounds transfer an electron to p-OC:\B mor<> slowly than that 
of' miTt> due to t.h£> stabilization exerted by the interact ions 
hc>l\\C<.'n thP nc'ighboring chromophorcs. Furthermore. t.IH' 
c;;tahi lit,v of I.~- '1TP is stronger than that of 2,4-;\lTP. '"hi<'lt <'an 
h0 <'Xplaincd by the difference in the conformation b<'t\H'C'!l l.h<' 
dirn<'ric model compounds, i.e., 1.3-,'rlTP is easier to lak<' a 
sandwich I ik0 conformation than 2,4-:'-1TP. 
On the oth0r hand, the rndical anion TP~ formNI 111 th0 
<'opo lymcr s0quencc Vl\e - V~lTP - V\lTP - \'Ac does not t ransf'<'r 
its 0 lect.ron to p-OC'NB as d0scribcd abov0. This sugg0s ts t ha 1 
tiH' TP~ in the scquen<~c VAc - V,VJTP - V~ITP - Vl\e in th(' 
<·opolymer is stabler than the dimcric model compound. This 
c'nll<~n<·ed stabilization ohsC'rVC'd in the polymer systC'm ~C'<'ms to 
b<• ca11scd partly by a stronger neighboring interaction and 
partly by a steriC' cffcC't of the polymer c:l1ain hindc>ring- p-DC\B 
mo i ('Clll<'s from approaching. Such stcric hindranec of a polymer 
<·hai n w0r0 s0en in th0 radical cation transfer for P\'Cz syc.;tcms 







-0.14 -:.. 11GI eV 
Figure 8- 5. Relation between ktr and free energy chang-f' ill 
the radical ani on transfer from TP~ to p-OCND. 
or electron transfer in the polymer system would be smal l<'r 
1 han in l ow-molecular- weight compounds. and hence the transfer 
rate constant is smaller in the former system than in tile 
latter. Figure 8-5 schematically shows the above siluation. The' 
rc 1 at ion between ktr and the free energy change !:l G for t tw 
<'leetron transfe r is shown by the solid curve: ktr dc~cr<'ast>s 
slowly at first with increasing !:lG in the exothermi c: !"eglon and 
drops rapidly at and above ca. !:lG o. 10) For monome r mod<'l 
compound systems. Lhe free energy change AG of th e radieal 
anion transfer to p - DCI'B is estimated to be ca. -0.14 eV from tlw 
di ITercncc o f the reduction potentials of DHI'P (El/2 = -2 .11 \'l 
and p-DC~B (£:. 112 = - UJ7 V). This case is r ep r csenlcd by point A 
in 1 he figure. For the dimeric model compound. ktr bec:omes 
sma II ('r than lhaL of the monomer mode 1 compound due to I h<' 
int<' ractions b<>lwecn the neighboring chromophores. This dim<'r 
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systC'm is n•prcsentC'd by point B. The radical anion in a dyad 
TJ> in the copolymer is further stabilized by the ncighboring-
chromophorc interactions and the steric hindrancC'. Thic; mak(''> 
..lG larger (point C). Around 6G = 0, even a slight incr<'aSC' in 
..1C causes a I orge decrease in ktr· As forth<' homopol~tn(' t· . 
radical anion transfer was not observed in our pxpcrimC'ntal 
resolution; therefor e, TP~ in the homopolymer is cslimatC'd to 
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Figure 8- 6. Em ission spect ra of Lhe PV'1TP and 2,4-'lTP syst<'rns 
in benzene at room temperature. 
(a) : EtCz(3.0xl0-4 "1) - P\'MTP([TP]=0.2 ~1). 
(h ): EtCz(2.8xl0- 4 '1) - 2.4-D~TP([TP 1=0. 1 :'-1). 
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Table R-Ill. Quantum yield (<t>rl of monomer emission. Fwd IH'al{ 
1\avrl<"ngth (i,). lifetime (rel· quantum yield (<Dr') and quantun1 
rfficicncy (qr' l of cxciplcx emission. 
<Dr A.lnm T clns <Dr 
. 
4f 
ElCZ - D~1TP ( 0. 1 m 0.022 480 ~2.0 (). 121 0.13 
EtCz - 2.4-MTP(ITPJ=O.l ~I) 0.041 48;) 45.2 0.090 0. I 0 
1-.tCz - PV~TP([TP]=0.2 ~} 0.164 4~)() 21.6 o.oan 0.05 
8-:\-5. Cz. - TJ> Exe i plex Quenc hing by Neighboring TP Ch romophorc 
Figures 8-G-(a) and (b) show the emission spcetra of L-:t Cz -
1'\·,rrP and 2.4-:vrrP systems, respectively. Eaeh system has a 
monomcr <~mission with a vibrational structure in the short('r 
wa\'elength region and a broad exeiplex emission in a tongc·r 
~avelength region. Table 8-111 gives the quantum yield (<t>rl of' 
the monomer emission. the peak wave length (). ), the I i fctime I r c ). 
t hc quantum yield (<t>r') and the quantum efficiency (qr'l or the 
C'XC'iplex emission. The quantum efficiency, qr'· was ealculatnl 
with t.he following equation. 
<tr' = <Dr' I ( 1 - <t>r I <t>ro ) ( 8 - 3 ) 
\\IH're <Dt is the emission quantum yield of EtCz in Lhe absctH'<' 
ol' 1 he electron acceptor. The table shows that. <Pr increas('S in 
t IH' o rctc r D'1TP < 2,4-:VITP < PVMTP. and <Dr' decreases in the 
order D"lTP > 2.4-~lTP > PV~1TP. This is due to deercasin~ 
dif'!'usion rate of the electron acceptor. i.e., decreasing 
qtH'IWhing efficiency. since the quenching process is diffusion-
controlled in each systems , as will be., described later. 
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Tlwrcl'orc. t.he rtuorc~scent characteristics of the exeipl<!X net'd 
!)(' ('Offi(Hli"Cd ill terms Of' the quantum <'fficicney qr' of' lh<' 
<'x<:iplex emission. The peak wavel0ngth ). of th<' C'Xciple:-: 
<'mission is a little sifted towards long0r wavel('ngths in tiH' 
Cll'<kr ))\JTP < 2,4-~lTP < PV''ITP. However. no IH'W cmission 
ast:'ribable to a new excited complcx such as IL\t\ ('Xterpl<'x 
could lH' observed. Thus, even if a new cxcit.0c.l complex ma~· b0 
ro r m <' d . i L s s t a hi I i z a L ion energy m us t b c v e r y s m a I I . T h <' 
quantum efficiency qf' of the cxciplex emission dcerNlS<'s in t h<' 
ord0r of the 1>'1TP system (O.J:n. the 2.4-'1TP system (0.10) and th<' 
1'\''lTP system (0.05). This corresponds Lo Lhe decrease in t h<' 
<'X·ciplex I ifct.ime in the same order. Though the emission !'rom a 
rw11 <'Xcit.N1 eompt0x <:ould not he observed. it is e\·id<'llt. that 
Cz - TP exeiplex is quenched by neighboring <'hromopllorc' 
illt cract ions. The interaction between the TP ehromophor0s in 
P\''ITP must he weak as compared with the n<'ighboring 
('llromophorc int.c~raction in PVCz which forms llDi\ extcrplex. 
Th is i s s i m i I a r t. o the ease of t. h c r ad i c a I an i on. T h <' 
st nhi l i zat. ion by charge de localization between TP ch romophor<'s 
is considered to be small. 
F i g u r c s 8- 7- (a), (b) and (c) show t. he t 0 m p <'rat u r (' 
d<'fH'ndcnee of <1:1 f and <1:1 r' of EtCz - IJ'lTP. 2,4-)1TP :u1d P\''lTI' 
sysl<'ms. rcspN:tively. In 0ach system, <() f decreascs and t lw 
qtwnelting cfTieiency increases with inereasing t.emporatur<'. On 
tiH' contrary. <Dr' increases with inerC'asing t.<'mperatur<' and at 
hi~~h('r tcrnperatures. a deerease of <t>r' was obs<>rv<'d in tho D'ITI' 
and 2.4-'lTI' systems. The temperature at whic:h <Dr'is maximum is 
ca .. 50 °C for D:vJTP syst0m and ca. G5 °C for :!,4-'ITP systcm. For 
1,\ .. \1'1·1' t I t' "' ' t I l . syst.cm. no SIIC 1 c ccreasc o ~r was o >scrvN <11 <'ast Ill 
tiH' tcmperaturc range below 75 °C. Th<' str('n~th of' til<' 
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Figure 8-7. T~mperaturc dependences of the" quantum yield (j)f'· 
ct1 r' of monomer ancl exciplex emission for P\''ITP and it'> 
mode I compound systems. 
(a): FtCz(2.9x l0- 4 vl) - Di\'ITP(0.07 N). 
lb): Ft Cz(2.9x l0- 4 i\1) - 2.4-'1TP(lTP 1=0.1 ~1). 
(c): ELCz(2.9xl0-4 '1) - PVI'1TP(ITP)=0.2 1"1) . 
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rol<' in this probl0.m. ThC' stronger the interaction. Lh0 more· 
diiTit'ult ror t.hc exciplcx to dissociate thcrmnlly. 
\n assumC'd sehcmc for the formation or the CXC'ipi<'x is 
shown in Figure 8-8, in which kn and kr arc the rat<' <"<>nstallts 
of' the' radiationlcss transition and t.h0 fluor<'s<·<'nt transition or 
t.hC' monomer excited Sl<.ILC. respectively, and k 11 ' and kf' ar<' 
1 hos<' of' the cxciplcx stale. The eonstanL. kq. is the quen<'hing-
rat<• <"onstant. According to Lhe scheme, the a<'thation (' fH' rg-_,. 
1·: or the quenching proec>ss was estimated by using til<' f'ollo\' ing-
C'quat ion. 
( R-4) 
Th <' rC'suJts arc listed in Table 8-IV. In each system. the• 
a<'t i\at ion <'nPrgy is c;lose to that of the viscosity of thC' 
soiYcnl, bcnz<'nc, 2.G kcaljmol. This suggests that Lh0 quf'nching 
or tlw 1-.t.Cz excited slate by the TP chromophor0. is dirt'usion-
con t ro lied in nll the systems. 
Figure 8-8. Sehcm<' ror cxciplcx rormat ion. 
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Table R- IV . Activation energies (E) of qtwnching procPss. 
R- 4. Conc lus io n 
HCz - l>'lTP 
EtCz - 2 ,4 - 'l'ITP 




Viscosi ty of Bl!nzcne -2.6 
In the po l ar solvent bcnzonitrilc, the radical anion TP~ 
rorrnNl in the copolymer of V'ITP and VAc is stabi l ized dcp<>!Hiing-
on the location of the V"1TP. A TP~ isolated by \'·\<' unit~ in 
t h c c o p o I y mE' r t r a n s f c r s a n c 1 c c t r o n to p - DC \ B w i t h a r a t <' 
c~onstant of 7.7 x 108 :-.c 1s- 1, whereas TP~ form<'d in the \''ITP 
S<'qucn<"cs docs not transfer an electron t.o p - I>C\B; nor clo<'s 
thP radical anion TP~ in the homopolymer PV'lTP. Tlti <; is partly 
clue to the neighboring interactions and partly clue to t lH' 
st.<'ri(· hindranec of the polymer chain. The steric llinc1ranec is 
cons id(' r<'cl to he one of the reasons why the TP~ ro rmc'cl in t lw 
dim<'r r.;cquencc> in the copo lymer is stabler than that formed in 
the' dimc'rie model compound. 
In the> non-polar solvent hcnzcn0, PV'lTP and it~ dim<'l"i C' 
mode'! c·omp<>tl ncl l'orm the cxciplcx with EtCz. 1.:. v c n ttw u g h a 11 
oh\ ious c•mi<,<;ion ascribable to a ne"' excited compl<'X such :ts 
D\\ cxt<'rplex could not he obse rved, the cxciplcx \Hts round t o 
lSG 
IH' qu<'neh('d hy n0ig-hboring chromophorc interaction. 
Thus, Lh<' radical anion in PV~tTJ> and the chargC'-l.ransl'c'r 
stat<' of the cxciplcx of PV'1T P with EtCz int('ract \\ith til<' 
nci~llboring TP chromophorc. but the stabi I izat ion is sma II as 
cornparcd with tiH' case of radical eations and DD•\ extcrplc.X('S. 
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TO ESTIMATE THE S'fi\I3TLITY OF RADICAL CATlONS 
1. Introduction 
In this thesis, a CH band and a radical cation transfer to 
a stronger electron donor were measured to investigate tile 
stabilization, by neighboring chromophore interactions. of 
radical cations. Thf' CH band cor responds to the t runs iLion 
bcl\\cen two levels of H0~10 split by neighboring chromophor<' 
interactions. and its band gap reflects the strength of the 
interactions. Thf> radical cation transfer method is one to 
estimate the stability of radical cation on the basis of the 
free energy change dependence of the rate constant of t.he 
radical cation transfer. These transient absorpLion 
measurements of radical cations were made by a laser photolysis 
technique. Two laser· photolysis systems were used; one is a 
ruby laser photolysis system equipped with Q-swit.chcd ruby 
lase r,O and the other is an excimer laser photolysis system 
equipped with excimer laser. 
The laser photolysis technique is a method to measure the 
absorption of the transient species produced by a laser pulse. 
The formation and decay of transient species can be directly 
observed. The method for measuring transient absorption was 
established as a flash photolysis technique by ~orrish and 
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Porter in Hl49,2) and was applied for the studies of aromutic 
mo\(~cules in the triplet st.ate.:n Afterward, the development of' 
a lasE-r technique brought about improvements in time-resolution 
and made it possible to observe transient phenomena in 
d l . d . 4-7) nanosecon anc p1cosecon time ranges. 
In this appendix. the relationship between the peak shift 
of the CH band and the stability of the radical cation is 
described along with the principle of the radical cation 
transfer method. Here, the laser photolysis apparatus used for 
the transient absorption measurements is described. 
2. Method to Esti ma t e Lhe Stabi I ity o f Rad ica I Cation 
(A) Char ge-resonance nand 
As for the dimer radical cation, the CH band reflects tiH' 
neighboring chromophore interaction directly. Figure 1 shows 
the energy level diagram of the dimer radical cation. 8) TIH' 
interaetlon between a radical cation and a neutral chromophor0 
makes the orbitals split into two energy levels. The CR band 
corresponds to the transition between two levels of split 110:>10. 
The visible dimcr band is due to the absorption from split. 110'-10 
to split Lt:~TO as shown with an arrow in Figure I. The stronger 
the c h rom o ph o r c i n t e r a c t i on , t h e I a r g e r the w i d t h o f t 11 <' 
splitting. Then, the stronger interaction leads to the shortPr-
wavclcngth shift. of the CR band. The stabilization energy (61!) 
of the dimer radical cation is approximately equal to a hal r or 
the cnergy gap (6 E) of the CH band. The CH band is a measu n~ 
of the strcngLh of the chromophore interaction. i.e., the 
stability of the dimcr radical cation. 
However, for the charge deloealization in the polymer 
haYing pendant ehromophores, the Cf{ band of a radical eation 
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shou lei be shifted to longer wavelengths with increasing ehnrg<' 
d0:tocal ization such as dimcr. trimer, and tetramer, according to 
t.h<~ ll~.ckel ~10 calcuJationY·l 0) 
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Figure 1. Schcmatie diagram of energy levels of <limer 
rad ica I cation. 
(B) l~adical Cation Transfer Method 
W h 0 n an e I e c t ron dono r ( D 1 ) i s p h o to c x c i t e d i n t h <' 
pr<~senee of a sufficient concentration of clll clcetron acceptor 
(Al in a polar soJvent, an electron transfer from an exc:it.Nl 
singlet donor (o 1•) to A produces a radical cation (o 11 ami a 
radieal anion (A~). This process is much faster than the 
succcC'ding processes. If the second electron donor (D~, radical 
cation acceptor), whieh is a stronger electron donor than n1, is 
adcl(~d to Lhis system. radical calion transfer from 0 1 ~ to D2 
(an electron transfer from D2 to D 1 ~ oceurs (eq. 1), and t.his 
proccss can be observcd directly by the transient absorption or 
n1 ~ and o27'. 
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+ ktr Dl + (1) 01. + 02 - > + 02. 
+ 01. + A~ 
krl 
> 01 + A ( 2} 
oz: + A~ kr2 > Dz .. A ( 3) 
This process competes with the recombination of o1: with t\~ 
(eq. 2) , but it is possible to make the radical cation transfer 
the main process by adjusting the concentration of o2 properly. 
o2: produced by the radical cation transfer also decays Ly 
reeombinat.ion with A~ (eq. 3). The processes in cqs. 1 - 3 lead 
to the following rate equations. 
ct!o 1:J/dt = - ktrlo1:JID2 J - kr 1 ro 1 :J[A~I ( 4) 
d[o2:1/dt ktrlo1:l!D21 - kr21n2:11A~J (5) 
d[A:)/dt ::: - kr11o1 :11A~l - kr2 ro2:1 (A:] (6) 
where ktr is the rate constant of the radical cation transfer, 
and krl and kr2 are the rate constants of Lhc recombination of 
o1; with A~ and of o2: with A-:, respectively. Hence if the 
f + + d- db l transient decays or o1 ., o2 ., an A. arc measur e Y t J<:! 
laser photolysis method and si mulated by eqs. 4 - 6, the rate 
constant ktr Is determined. 
In a simple case, ktr can be estimated by the transienL 
absorption decay at the peak wavelength of 0 1 ~: if the rate of 
the radical cation transfer from o 1 ~ to o2 is much faster than 
that of the recombination of 0 1; with A-: (ktrl02l » kr 1[A-:]). 
eq. 4 ean be solved to give eq. 7 by neglecting the second 
term. 
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In [OO(D 1;) I ( 7} 
where C is a constanl. Consequently, ktr can h<> detcrmin<>d by 
thP slope in ln [00(0 1 ~1 vs. time plot. 
To make it possible to measure the rate constants of 
radical calion transf0r satisfactorily, a set of o1-D2-A syst01ns 
must satisfy the following conditions. First, D1 is photocx<·ited 
sci ectively by a laser pulse, and the electron transf<>r from 
o,•• to A is suff"ici<>ntly fast. Secondly, Lhc transient. 
absorption bands of D1 ~. n2; and A-: arc separated <'nough to 
be analyzed. 
Th<> stability of the dimcr radical cation is <>slimatcd !'rom 
thr· value ktr as shown in Figure 2. The rate constant or t.h<' 

















Figure 2. Estimat0 of the stability of dimcr radical cation 
by the radical calion transfer method: (a) relation between 
ktr and 6G; (b) relation between ~II and increment of ~G 
induced by stabi lizatio n. 
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as shown in Figure 2-(a). 11 • 12) ktr increases with the decreasing 
~G (an up-hill region). and the t.ransfC'r process is diffusion 
corn rolled in a sufficient ly exothermic region. If thc dimcr 
radical cation is stabilized by .illl as shown in Figure 2-(bl. tiH' 
exoth<"'rmic quantity of the radical eation transfer decrcascs 
(6G increases). If .ilG is brought in the up-hill region by using 
02 having a proper oxidation potential. an increase of .ilG by 
the stabilizaL!on causes a decrease of ktr· The stabilization of' 
t hC' dimer radical cation can be estimated by the decreasing kt r· 
Laser Flash ~ 694nm~-~~--G- · -iRuby 
Lamp (r'/~ KDP ~--------~ 
~ ~'34 7nm (Frequency 
{./<. /~ Doubler) 
Lens ',,. Filter 
/."1 'f. 
'/ •. 1rror 
~.;, "O~Aperture 
-~~Cell Holder 
·-<' Aperture \;< Beam Trap 
~X-.,j Lens '(~ Filter 
Figure 3. Schematic diagram of the ruby laser photolysis 
system. 
3. J.ascr Photolysis Apparatus 
Figurc 3 shows the schematic diagram of a ruby laser 
photolysis sys tcm. The samp I c is excited by the second-harmon i<· 
pulse (347 nm) of Q-switched giant puls<' ruby laser (\1-:C SI.G20ml). 
which has ca. 14 ns pulse duration. The second- harmonic pulse is 
gcrwrated through the frequency-doubler. KDP crystal. and is 
separated by a prism from the fundamental ruby laser pulse 
(G04 nm). The intensity of the excitation pulse is attcnuatc<l 
prop<'rly by filters. The monitoring system to measure> th<' 
absorption of transient species consists of a monitor flash lamp 
(EG&G FX-33C-l.5), a monochromator and a photomultiplier tube 
(lla.mamatsu. l~n8). The signal o f the photomultiplier tube is 
recorded by a storage oscilloscope (lwatsu. TS-8123). This 
monitoring system has a wave length-sensitivity from 350 nm to 
850 nm and a rise t.ime of ca. 5 ns. 
Figure 4 shows the schf.>matie diagram of an cxeimcr laser 
photolysis system. The sample is cxeited by an attenuated puis<' 
Excimer Laser 
Et!G lOUlSC 
XeCl; 308 nm 
XeF ; 351 nm 
Detector [Photomultiplier (Visible Region) 




c:::j:=> F il t e r 
<:::t:> Lens 
-1- Aperture 






Figu r e 4. Sch('matic diagram of the cxC'im<•r laser piJOt o lysis 
system. 
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of an cxcimcr laser (Lambda Physik Eft1Gl01MSC). The emission 
wavelength of the exeimcr laser can be changed by selecting an 
appropriate gas. In this study, a :m8-nm pulse (pulsE> <>nergy ca. 
100 mJ, fwhm ca. 17 ns) operating with XeCl and 351-nm pulse (pulse 
energy ca. GO mJ, fwhm ca. 17 nsl operating with XeF are used. 
The monitoring beam is arranged at a right angle to the lnscr 
beam. The monitoring system consists of Xe flash lamp, a 
monochromator and a detector. As a detector, either a 
photomultiplier tube or a near-infrared sensitive photodiode was 
used depending on experiments. For the measurement of UV and 
visible region, a photomul tip I ier tube (llamamatsu. HU28) was used. 
As described previously , the photomultiplier-monitoring system 
has a wavE>Iength-sensitivity from 350 nm to 850 nm and a rise Lime 
of ca. 5 ns. The photodiode is a photovoltaic indium arsenide 
(lnAs) diode with a sensitive area of 0.03 cm2 (Hamamatsu, P838). 13; 
The photodlode-detection system is suited for measurements in 
the near- infrared region. The output of the diode was dirccu Y 
amplified and was r ecorded by an oscilloscope (lwatsu. TS- 8123). 
This detection system has a wavelength-sensitivity from GOO nrn to 
2200 nrn and a response time of ca. 500 ns. 
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SUMMARY 
In Chapter l. a general introduction of this thesis was 
giYen. Previous studies on radieal cations of dimer and higher-
o rei c r agg regaLes of ch romopho res and cxc i t<'d trip I e comp I ex<'s 
were briefly reviewed in order Lo make clear the haekgrounds 
of and the connection with the individual subjects to be deal 
with in this thesis. In addition, outline of this thesis was 
described. 
ln Chapter 2, the stability of the dimer radical cations of 
meso- and rac-2,4-di(~-carhazolyl)pcntancs (m- and r-DCzPc) and 
1.3-di(~-carbazolyl)propane (DCzPr) was studied. m- DCzPe and 
DCzPr form a fully-overlapped dimer radical cation, whereas r-
DCzJr>c forms a partially-oYer lapped one. The CR bands of these 
dim<~r radical cations were measured by laser photolysis in u 
nca1r-inf"rared region: band peaks appeared around 1600 nm for m-
DCzl)<' and DCzPr. and around 1800 nm for r-DCzPe. This suggests 
that. the fully-overlapped dimer radical cation is stabJ0.r than 
t.hc> partially-overlapped one. 13y the radical cation transfer 
method, the stabilization energies of these dimer radical cations 
wen~ estimated to be o.:~ - 0.4 eV for the fully-overlapped one 
and ca. 0.1 cV for the partially-overlapped one. 
ln Chapter 3. the stabi I i ty of the carbazo lc radical cation 
formed in poly(ti_-vinylcarbazol<') (PVCz) was studied in comparison 
with copolymers or .!!-vinylcarbazole (\'Cz) with methyl 
mcthacrylaLc and vinyl acetate. The CR bands of the radieal 
cations in these polymers were measured by laser photolysis to 
investigate the degree of the charge deloealization in the 
polymers. For copolymers with a fraction or VCz Cfvcz) less 
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than 0.4. the CR band appeared at ca. 1800 nm. For copolymers 
with fvcz>0.5, the CR band was sh i !'ted to longer wave lengths 
with increasing fycz· A copolymer wi t.h fvcz=0.83 showed th<' 
same trnnsicnt ahsorption spectrum as PVCz. In view of the 
sequential distribution of the copolymers, the charge formed in 
PVCz was understood to be de local izcd among more than t.wo 
C'h romopho res. lly the radical cation transfer method, thC' 
stabi I izaLion energy of the carbazole radical cation in PVCz was 
<'51 imatcd to be 0.5 ! 0.1 eV. This value is larger than t.hnt of 
the C'arhazole dimer radical cation, which was described in 
Chapter 2. Thus, it was established that the st.ahi I ization by 
the charge delocalization among more than lwo chromophor<'s is 
stronger lhan that of the dimer radical cation. 
In Chapter 4, the emission properties of PVCz and its 
model compounds in the presence of dimethyl tcrephthalatE" 
(J)'lTP) were examined in benzene solution. and the effects ot' 
neighboring chromophores on the exciplex in polymer syst0ms 
were' discussed. The interaction between th(' neig-hboring-
carhazole chromophores leads to the formation of two kinds of 
exterplexes (excited triple complexes) corresponding to the 
dimer radieal cations as described in Chapter 2: one is a 
part i a 1 1 y-o v e r 1 a p p e d ext e r p 1 ex and the other is a f u I I y-
over lapped one. The partially-over lapped and fully-over lapp<'d 
('Xt~rplexes showed the exterplex emission around 510 nm nnd 
5GU nm, respectively. The latter was found to be stabler thnn 
the former. As for PVCz-DMTP system, the partially-overlapp(~d 
<"Xterplex dominates at room temperature, presumably because of 
its easy formation with a small conformational ehange. The 
fraetion of the stabler fully-overlapped exterplex increased 
with increasing temperature: the increase of fraetion caused 
longer wavelength shifts in the exterplex emission. 
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In Chapter 5, the steric cf'feets of bulky tC'rt.-butyl group 
on the f'ormat ion of the dimer radic·aJ cation and the exterpl('X 
we I' e in v 0 s t i gated. Regarding poly(3,6-di-tert-butyl-~-
vi ny I carbazole) IPIWCz) and its d imcric mode I eompounds. t h(' 
transient absorption spectra of radical cations in a polar 
sol \·<'nt. wer(' measur<'d by laser photolysis. and the emission 
prop€'rties in a non-polar solvent were measured in the prcs<'nC<' 
of D'ITP by fluorescence spectroscopy. Though th<' n0ig-hbori ng-
C'hromophore interaction was wcak(~n0d as compared with th0 C'as<' 
of a <'arha?.ole chromophore, all these compounds formed a 
part ia lly-ovcr lapped <limer radical <:ation in n polar solvent and 
n partinl Iy-overlapped exterplex in a non-polar soh'<'nt. This 
sharply contrasts to the fact that the meso isomer of' 
:.!.4-· bi s(3. 6-d i -le rt- hu tY 1-~ -ca rbazo I y I )pen tanC' and 1. ~~- b is(3,6-d i-
t C'rt_-but.y 1-~-c:arhazoly I )propane do not form nny int.ramo leC'll 1 ar 
C'X(·imcr. This IJI(~iHJs that the conformational requirement for the' 
f o r mat i on of t. h c d i m c r r ad i c a I c a t i on and t h (' c x t e r p 1 ex i s 
rather loose and that the stahilization cn<'rg-y is larger than 
that of the cxcimcr. PBVCz also forms the partially-ov<'rlappC'd 
dimt:'r radical eation in contrast to the case of P\'Cz. 
In Chapter G. t.he Cl~ band of the dimer radical <'l.ll ion for 
poly(Yinylnaphthalene)s and three isomers of dinapht.ltylproparw 
W<' r c m e as u red h y I as c r p h o to l y s i s . 1-(1-Naphthyl)-3-(2-
naphthyl)propane forms an intramolecular partially-overlapJWd 
dim('!' radical cation and shows a CR band at ca. 1050 nm. In 
eon t r as t • I • 3-d i ( 2- n <1 ph thy 1 ) propane ( 2 2 D ~ P) and I , 3-d i ( 1 -
napht.hyl)propane (llD:'\1') intramolecularly form bot.h a partial Jy-
overlapped and a fully-overlapped dimcr radical cations; th<'SC' 
Cl~ hands arc superposed with each other and were observnd as 
a single band at. ca. 1250 nm for 22D:\P and Ht ca. 1350 nm for 
lii):'W. Therefore, the fully-overlapped dimer radieal cation 
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should hu,·c the C:R band at a wavelength long<>r than 1250 nm. 
This sugg0sts that the partially-overlapped dimer radical cat ion 
is stabler than the fully-overlapped one. This was confirmed by 
me as u r I n g t h c rate co n s tan t of r ad i c a I c a ti on t ran s f c r 1 o 
t ricthylamine; owing to the stabilization, the rate constant of' 
radkal cation transfer for the partially-ovf>rlappcd dim<>r 
radical calion was smallcr than that for the fully-ovcrlappNl 
on c. Po I y( vi ny 1 naphtha I ene)s ro rmed a part ia lly-ovcr l appcd 
clim<'r radical cation and gave the sam<' transient absorption 
spcct rum of the radical cation as the dlmcric model compound. 
Th(' st.ubi I ization or the radica I cat ion by charge rcsonatH'(' 
among- more than two chromophores was not detectable. 
In Chapter 7, '10 calculation was carried out for <'arhazolc 
and naphthalene dim<>r radical cations. and the difference in lh<' 
st.abi l ity between t.he carbazole and naphthalene dimer radical 
cations was discussed in connection with the dimer struetu r<' or 
the degree of the overlapping of chromophores. First, the 
fu lly- ov<>r lapped and partially-overlapped con formations having-
minimum potential energies were determined by A"ll for tiH'sc 
dimcr radicaJ cations. The results suggest that Hll diml't· 
radical cations take the conformation In which two chromophorC'c.; 
;ue f'urther apart from each other than in parallel arrangement 
formed by a methylene bridge. Next., the excitation energ-y or 
Ltt<' dimcr radical cation in these conformations was estimated by 
C\DO/S. The ealeulated results for the CR bands rcproducNl 
th<' experimental data qualilatively. An analysis of the orbitals 
related to the CR band indicates that the f'xcitation of the CH 
ba n c1 i s a c h a r g e - t r a n s f c r t y p e f o r t h e c u r b a z o I e a n ci 
naphthnlenc dimer radiC:lll cations. For the carbazole, the 
character of \ atom was found to be reflected strongly on t.hc 
stabilization or the dimcr radical cation. Fi na I ly, the cn<>rg-y 
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d<>eomposition analysis by \b Initio calculations was aprlied. It 
•~as f'ouncl that an electrostatic or Coulomblc interaction 
b<'l.\\(~C'n the clcc:tron distributions of the isolatC'cl ehromophores 
mai-:('S a most sig-nificant. contribution to the stahiliztltion or thP 
dim·Pr radical cation. 
In Chapter 8, the stability of the terephthalate radic·al 
ani o n (TP:) in a polymer chain was investigated by the radicHl 
anion transf<'r method using nanosecond las<>r photolysis. The 
radic·al anion TP~ form<'d In a homopolym<'r, poly(vinyl m<'tllyl 
terephthaJatc) (PVMTP) docs not transfer an electron t.o 1,4-
dicyanobcnzene (I)Cr\B). but. the monomer model compound, dimPth.\'1 
l<'rC'phthalatc (])!1TP) docs transf<>r. despite the two sysl<'ms hnv(' 
the c;ame transient absorption spectrum. As for the TP~ in 
c-opolym<'rs of vinyl m<>thyl terephthalate (VYITJ>) \\ith vinyl 
acC"tate. th<> radical anion transfer rat<' to DC:'-.B has t'l'to 
<'ornponenls, a fast and a slow component.: the fast component has 
a r·atc eonstant of 7.7 x 108 M-ls- 1, whil<' the slow component 
scarcely <lc<·ays in th<' measurem('nt time range (<1 /.1. s). Tlw 
fraC't ion of the slow component incr~ases \\ith the' \''lTP fraetion. 
Thc-s<' results show that the neighboring interaction of TP 
residues in the polymer chain stabilizes ttle radical anion of' 
the TJ> residue. The radieal anion TP~ formed in the polym<'r is 
st.ahi l ized partly by the ncighborin~ interaction and partly by 
the st<'ric hindrance of the polym~r dtain towards t.lw 
approaching DC\ B. 
Til<' <'mission properties of the exciplcx \l.ith :\ -
cthylearbazotc (EtCz) W<'rc invcstigat<'d for P\''lTP and its model 
<·om pou nets. Though no <'mission corresponding to the Dt\t'\ type' 
exterplex was obs<'rvabl<', the lifetime of the cxciplex emission 
was shorter. and the quantum efficiency of ltH' exclplex emission 
was small cr than those of the Ft.Cz-D'lTP system. llence. it is 
17~~ 
cvidcnt that th~ cxeiplcx is quenched by the intcraC'tion with 
an adjacent TP chromophore. The rcsul ts for PV'1TP may tJc 
interpreted due to a weak interaction between neighboring TP 
ch romophores. 
In Appcndix, experimental methods to eYaluatC' the chargc-
rk\oealized stahilizalion of rAdical cations were dcsC'rihecl. .\ 
dimer radical cation shows a characteristic Cl< band. 
Theoretically, this CR band is associated with the transition 
bet ween two sp I it HOMO's of the ch romophore caused by the 
neighboring chromophore interaction. It can be a measure for 
the mag-nitude of the neighboring chromophorc intcraclion or t.h<' 
st.abi I i ty of the dimer radica I cation. Wh('n a radi(:a l calion is 
stabi I ized by forming a dlmer radical cation, the radica I cnt.ion 
transfer to a second electron donor is suppressed. The stabler 
the radical cation, the smaller the transfer rate. On the basi ~ 
of this rule, the stability of radical cations was cstimat~~cl. i\ 
laser photolysis apparatus for radical ion obser\'ation \\as 
introduced. 
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